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The effects of longitudinal vortices on film-cooling 
injectant from a single injection hole and from a row of 
injection holes in a turbulent boundary layer are 
investigated. Attention is focused on the effects of 
vortex circulation when the injection hole is located 
beneath the vortex downwash. Heat transfer measurements, 
mean velocity and mean temperature surveys, and surface 
flow visualization results are discussed. The embedded 
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I. INTRODUCTION 


A. BACKGROUND 

In modern gas turbines, maximum turbine inlet 
temperatures are in the range of 1600-1800 degrees 
Celsius. The resulting thermal loading of turbine blades 
and turbine endwalls necessitates the development of 
efficient cooling configurations. Film cooling is one 
cooling scheme employed to protect the turbine surfaces 
from exposure to hot gases and the resulting thermal 
stresses. However, the effectiveness of film cooling may 
be significantly reduced due to the presence of turbine 
passage secondary flows. Studies by lLigrani et al. 
(Ref. 1, 2, and 3] show that embedded vortices in 
particular may cause significant changes to wall heat 
transfer rates and distributions of film injectant. In 
some cases, hot spots may form just downstream of 
injectant sites at locations where film cooling would 
ordinarily be expected to provide adequate protection. 

Embedded vortices in turbine cascades originate from 
at least two different fluid mechanisms. in fehes first 
case, they form from intense local pressure gradients at 


locations such as the intersection between the turbine 


blade and the endwall. Here, pressure forces the flow 
toward the end wall where it rolls into the leading edge 
or horseshoe vortex. One leg of this vortex flows along 
the suction side of the turbine blade and one leg flows 
along the pressure side. The passage vortex arises on 
the pressure side of the turbine blade as a consequence 
of the cross-passage static pressure gradient, then moves 
in the channel crossflow towards the suction (convex) 
Side of the turbine blade (Ref. 2, p. 347}. The concave 
curvature of the turbine blade 1S a second source of 
vortices. Here, Taylor-Gortler vortices or roll cells 


form as a result of centrifugal instabilities. 


B.. RELATED STUDIES 

Studies of the interactions between film cooling 
injection and embedded vortices are scarce. Blair 
(Ref. 4] reports large variations in heat transfer on a 
film cooled turbine endwall. These variations are 
attributed to the presence of an embedded vortex in the 
corner, between the endwall and the suction surface of 
the cascade. Goldstein and Chen (Ref. 5 and 6] 
investigated the influence of the endwall on film cooling 
from blades using one and two rows of injection holes. 


They discovered a triangular region which exists on the 


convex side of the blade where film coolant is swept away 
from the surface by the passage vortex. The research of 
Sto, Aoki, Takeishi, and Matsuura [Ref. 7] examines the 
heat transfer and film cooling effectiveness on the 
endwall and airfoil within an annular low aspect ratio 
eascade. [{(Ref. 1, pp. 2-3]. 

Kobayashi [Ref. 8 and 9] reports that film suction 
Minimizes the effects of centrifugal instabilities and 
delays the onset of longitudinal vortices in laminar 
boundary layers near concave surtaces. El-Hady and Verma 
(Ref. 10] conclude that the overall effect of suction or 
cooling is to stabilize laminar boundary layers by 
reducing the amplitude ratio of the vortices. 

Honami and Fukagawa [Ref. 11] examined the effects of 
concave curvature upon a film cooled turbulent boundary 
layer with a blowing ratio of 0.47. They conclude that 
concave curvature causes little change in film cooling 
effectiveness when lateral injection is employed. 
Conversely they report a significant decrease in fhm 
cooling effectiveness when streamwise injection is used. 
Schwarz and Goldstein [Ref. 12] examined local film 
cooling effectiveness downstream of a row of film cooling 
jets in turbulent flows near concave surfaces. They 


report that lateral mixing between jets is enhanced as a 


result of Taylor-Gortler cells at a blowing ratio(m) of 
0.4. For m values of 0.8 to 1.8 the mixing and lateral 


sway of the jets is less pronounced [Ref. 1, p. 2]. 


C. ONGOING RESEARCH AT NAVAL POSTGRADUATE SCHOOL 
Research at the Naval Postgraduate School focuses on 
the investigation of the influence of embedded 
longitudinal vortices on film cooled turbulent boundary 
layers. In the work of Joseph [Ref. 13], film cooling is 
Supplied by a single row of 13 film cooling jets. The 
diameters (d) of the injection holes are 0.952 cm, scaled 
such that the boundary layer displacement thickness is 
approximately 0.38 d. The 13 injection nozzles Varese 
inclined 30 degrees to the test surface, with a three 
diameter spacing between centerlines. i / Urs of the 
longitudinal vortex used is estimated to be -.95 cm with 
film cooling, and -1.10 cm without film cooling, where 
lr is the vortex circulation and Ux is the freestream 
velocity. Joseph’s results indicate that heat transfer 
1S augmented near the downwash side of the vortex, and 
the protective benefits of film cooling are reduced. 
Near the upwash side of the vortex, the effects of film 
cooling may sometimes be augmented. Evans [Ref. 14] 


presents measurements of the three mean velocity, 


components in film cooled boundary layers with vortices. 
Vortex secondary flows are indicated to be the major 
cause of the observed disturbances to film injectant. 
Ortiz [{Ref. 15] repeated Joseph’s measurements [Ref. 13] 
with a new heat transfer surface. He varied blowing 
ratio and spanwise vortex position relative to the film 
cooling jet location. Results show that the change in 
Spanwise position of the vortex affects the magnitude, 
shape and spanwise position of heat transfer (Stanton 
Number) peaks. Additionally, Ortiz indicates that the 
secondary heat transfer peaks associated with regions of 
high streamwise velocity become larger in magnitude and 
more persistent with downstream distance as the blowing 
miro increases from 0.47 to 1.26 [Ref. 15, pp. 58-60}. 
References 2 and 3 summarize the extensive research 
conducted by Ligrani, Joseph, Evans, and Ortiz. 

The experimental investigation undertaken by Ligrani 
and Williams [Ref. 1] and Williams [Ref. 16] was pursued 
to study the interaction between an embedded vortex and 
injectant from a single film-cooling hole. This was done 
so that the interactions with injectant from neighboring 
injection holes are eliminated. For a blowing ratio of 
approximately 0.50, and a freestream velocity of 


approximately 10 m/s, these investigators focused on the 


influence of spanwise vortex position with respect to the 
injection hole location. Thel /Us value of the embedded 
vortex was 1.42 cm. In order to characterize the vortex 
strength relative to injection rate and cooling jet size, 
the parameter [/(U,° dy) 1ts5 Used eewiicrie U. is tHe 
injectant mean velocity and d is the injection hole 
diameter. For this study, the value of this vortex 
parameter at x/d=41.9 is 2.80. Ligrani and Williams 
report that the injectant provides near-wall protection 
if it is located at least 2.0 -2.8 core diameters} away 
from the vortex center in the spanwise direction. If the 
vortex position is closer to the injectant location, the 
vortex perturbs the injectant distribution and the local 


heat transfer. These perturbations persist as far as 97 


hole diameters downstream of the injection hole. [Ref. 1] 


DD. OBJECTIVES SOP PRESENT sirup 
The present study is an extension of the work of 
References 1, 2, 3, 13, J4535515, sande In those 


Studies, attention is focused on effects of blowing ratio 


1 The derivation of Core Diameter, Vortex 
Circulation, and Non-Dimensional Circulation, is 
discussed in full detail in Section III. A. 
(DEFINITION OF KEY PARAMETERS) of this Thesis. 


and spanwise vortex position. In the present study, 
vortex strength (vortex circulation) is varied from 0 
m?/s Boo, 152 m/s, as the position of the vortex with 
respect to the injection hole is maintained constant. 
For all tests presented, the injection is always located 
beneath the vortex downwash. The circulation of embedded 
vortices is altered by changing the angle between the 
leading edge of the vortex generator and the wind tunnel 
Spanwise centerline. This angle is varied in specified 
discrete values from four to 18 degrees. Tests are also 
conducted with no embedded vortex. The effects on heat 
transfer and coolant distribution of the various strength 
vortices are then measured. Both a single film coolant 
injection hole and a single row of 13 film coolant 
injection holes are employed. In both cases a constant 
blowing ratio (m) of approximately 0.50 is maintained. 
According to Goldstein et al. [Ref. 17] a blowing ratio 
maintained at 0.50-0.53 is optimal in providing thermal 
protection, when coolant is injected into a turbulent 
boundary layer from a single hole or a single row of 


holes inclined at 35 degrees. 


E. OUTLINE OF EXPERIMENTATION 

The present study consists of four experiments: 

1. Measurement of fluid mechanics properties (mean 
velocities, total pressure, vortex parameters), in 
the Y-Z plane, at x/d=41.9. 

2. Surveys of mean temperature (T-To ) in the Y-Z 
plane, at x/d=41.9; for embedded vortices of varying 
strength, and at x/d=5.2, 41.9, 82.9, and 109.200) cmae 
Single embedded vortex. 

zi Heat transfer measurements (Stanton Number and 
Stanton Number ratios) measured at 21 spanwise locations 
for each of the following streamwise locations: X=1.15, 
1.25, 1.40, 1.60, 1.8055 and 2.0 metemse 

4. Visualization of surface flow patterns. 

Three different cooling configurations are employed for 
these experiments: 

Il “No=fiim. cooing (m—o- 

2. Film cooling (m=0.50) from a single injection 
hole, located beneath the vortex downwash at x/d=0.0. 

3. Film cooling (m-0.50) from a single row of 13 
injection holes, with the centerline injection hole 
located beneath the vortex downwash at x/d=0.0. 

For each of the above film cooling configurations the 


embedded vortex strength was varied by positioning the 


vortex generator to achieve the following angles with the 
wind tunnel spanwise centerline: APES 27 15,7 anaes 


degrees. 


F. THESIS ORGANIZATION 

In the remainder of this thesis, Chapter II discusses 
experimental apparatus and procedures. Chapter III gives 
experimental results, and Chapter IV contains a summary 
and conclusions. Appendix A consists of all the Figures 
referenced Eheoughnour the text of this thesis. 
Appendix B presents the uncertainty levels for the 
parameters measured and calculated. Appendix C lists and 
describes the data acquisition, data processing and 
plotting software programs used. AG ireceory ‘of 


experimental data files is given in Appendix D. 


II. EXPERIMENTAL APPARATUS AND PROCEDURES 


A. WIND TUNNEL AND COORDINATE SYSTEM 

Experiments were conducted in an open-circuit, 
subsonic wind tunnel located in the laboratories of the 
Department of Mechanical Engineering at the Naval 
Postgraduate School. This facility is the same wind 
tunnel used in the research and experimentation reported 
in References 1, 2, 3, 13, 14, 15, 967 eand.) 1ce Joseph 
[Ref. 13] discusses the qualification tests of the 
facility. The source of the wind tunnel streamwise flow 
1S a variable speed centrifugal blower. Air from the 
Surrounding room passes through a coarse filter to the 
inlet of this blower and is discharged to a diffuser. 
The diffuser contains a fine grade filter to remove small 
particulates from the airstream as well as four baffle 
vanes to minimize the likelihood of flow separation. 
Following the diffuser, the inlet air passes through a 
header box containing a honeycomb and three screens used 
to reduce the spatial non-uniformities of the flow. 
After exiting the header, the air stream enters a 16 to l 
contraction ratio nozzle which then leads to the wind 


tunnel test section. 
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The test section is a 3.05 m long and 0.61 m wide 
rectangular duct, containing a single row of 13 film 
coolant injection holes and a constant flux heat transfer 
surface. The height of the test section top wall is 
adjustable to permit changes in the streamwise pressure 
gradient. For the present study, a zero pressure 
gradient is maintained without vortex or film cooling to 
within 0.005 inches of water differential pressure along 
the length of the test section. The test section free 
stream velocity is adjustable from 1 m/s to 40 m/s. The 
freestream turbulence intensity 1S approximately 0.1 
percent based on the freestream velocity of 30 m/s. The 
boundary layer is tripped near the exit of the nozzle, 
0.48 meters upstream of the vortex generator streamwise 
location. Figure 1 shows the test section coordinate 
system and the streamwise location of test section 
components. The schematic of the wind tunnel test 
section floor, in Figure 2, (adapted from Reference 1) 
provides a top view of the test section. EOCatlons Of 
the vortex generator, the film coolant injection holes 
and the heat transfer surface are shown. Also shown in 
Figures 1 and 2, are the streamwise locations of the 
thermocouple rows along the constant flux heat transfer 


surface. With the heat transfer surface at elevated 


me 


temperatures, an unheated starting length of 1.10 m 
exists. Freestream air iS maintained at ambient 
temperature, and thus the direction of the heat transfer 


is from the wall to the gas. 


B. VORTEX GENERATOR 

A single half delta wing is used as the vortex 
generator. The generator deSign is similar to the one 
employed by Williams [Ref. 16]. As depicted in Figure 3, 
the height of the half delta wing is 3.2 cm., and the 
length of the base is 7.6 cm. The half delta wing is 
attached to a 1/16 inch thick Lexan mounting plate which, 
in turn, is attached to the wind tunnel floor. The Lexan 
base is rectangular in shape with the dimensions: 
4232 Seinen o> 2 ome It is scribed with lines which form 
angles of 18, 15, 12, 8, 4, and 0 degrees with respect to 
the tunnel floor centerline. 

In order to generate vortices of varying vortex 
strength and circulation, the 7.6 cm side of thewaeme 
Wing is attached to the Lexan base along the appropriate 
scribed line to obtain the desired angle. For all 
angles, the delta wing is pivoted about the same point on 
the Lexan base with the generator apex pointing upstream 


[Figures 3, 4]. The Lexan base is taped to the tunnel 
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floor, with its forward edge positioned at X=.48 meters 
downstream from the boundary layer trip. The circulation 
(strength) of the resulting vortex increases as the 
aspect angle is increased from 0 to 18 degrees. 

With the edge of the Lexan base aligned with the 
tunnel floor centerline, vortices r, s, t, u, and v were 
produced by using the respective aspect angles of 18, 15, 
12, 8, and 4 degrees (see Figure 4). The downwash of 
vortex r at x/d=0.0 is located directly above the 
centerline hole injectant, while the downwash of vortices 
s through v is is displaced from the spanwise location of 
the injectant in the negative Z direction. For generator 
angles of 15, 12, 8, and 4, the edge of the Lexan base 
was repositioned at Z=-.51 cm, -1.53 cm, -3.56 cm, and 
-4.07 cm, respectively (see Figure 5). The vortex 
downwash of the resulting vortices, w, x, y, and z 
(respective angles of 15, 12, 8 and4 degrees), at 
x/d=0.0, 1S located directly above the injectant issuing 
from the centerline hole. Figures 4 and 5 show vortex 
generator coordinate locations for vortices r through z. 
Table I lists the generator aspect angle and generator 


placement corresponding to each of these vortices. 
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TABLE I. VORTEX GENERATOR POSITIONS 


Vortex Generator Z Alignment of right 


VORTEX Angle (degrees edge of Lexan Base (cm 
is 18 0.0 
S rS 0.0 
c 102 O=0 
u 8 0.0 
V “i 0.0 
W AS =O 52 
Pe wuz =) 
y 8 -3.56 
Zz, - -4.07 


Ce TINGECTION "Sys rem 

Film coolant is injected from the single row of 
injection holes into the boundary layer developing along 
the bottom wall of the test section. The downstream 
edges of the injection holes are located at 1.08 m 
downstream of the boundary layer trip, 0.60 m downstream 
of the vortex generator leading edge and 0.02 m upstream 
of the constant heat flux text surface. The injection 
system is fully described in References 13 and 15. 


Injection system qualification tests are discussed by 
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Joseph (Ref. 13, pp. 23-26} and Williams (Ref. 16, pp. 
10-11]. The diameter (da) of each injection hole is .952 
cm., scaled such that the boundary layer displacement 
thickness (64) 1s approximately 0.38 (d). Values of 
blowing ratio (m) and non-dimensionalized coolant 
temperature (0) are chosen to resemble values used in 
gas turbine design. The 13 injection nozzles are 
inclined at an angle of 30 degrees with respect to the 
horizontal test surface, with a three diameter spanwise 
spacing between hole centerlines. The centerline of the 
middle injection hole is located at the test surface 
centerline. 

patm coolant injection air originates in a ten 
horsepower, two stage, 150 psig Ingersoll-Rand air 
compressor. From the compressor the injection air flows 
through a pressure regulator, moisture separators, a flow 
regulator, a rotometer, a diffuser and finally into the 
injectant heat exchanger and plenum chambers. The heat 
exchanger provides the capability of heating the 
injectant to temperatures of 40 C-50 C above ambient 


temperature. The top surface of the plenum contains 13 


lls 


plexiglass injection tubes, each 8.0 cm long with a 
length to diameter ratio of 8.4:1. The injection tubes 
extend through the wind tunnel floor, terminating in the 
Single row of 13 film cooling holes. 

For the present study, the film cooling blowing ratio 
waS Maintained at approximately 0.50, using either three 
injection holes or 13 injection holes. When three 
injection holes are employed, the centerline hole and the 
two outer holes located at Z=-17.1 cm and Z=+17.1 cm are 
used. The two peripheral holes are required to maintain 
steady flow in the injection system at meaSurable flow 
rates. In this case, the vortex affects film coolant 
from the centerline injection hole only. Injectant 
from the peripheral holes does not touch the heat 
transfer surface or affect the heat transfer 
measurements. When only three of the 13 injection holes 
are used, the remaining ten holes are plugged and covered 


with cellophane tape. 


D. HEAT TRANSFER SURFACE 

The heat transfer surface provides a constant heat 
flux over its area. The plate is inserted into the 
bottom wall of the wind tunnel test section. The upper 


surface of the plate is adjacent to the wind tunnel air 
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stream and iS maintained level with the test surface. 
The heat transfer test surface consists of a stainless 
steel foil 1.3 m X 0.476 m X 0.20 mm, and is painted 
black with seven layers of liquid crystals. Attached to 
the underside of the foil are 126 copper-constantan 
thermocouples in six rows. Each row contains 21 
thermocouples with a spanwise spacing of 1.27 cm. This 
spacing provides adequate spanwise resolution Cf 
surface temperature distributions. Thermocouple lead 
wires are embedded in grooves cut into a triple sheet of 
0.254 mm thick double sided tape. The thermocouple lead 
wire grooves are filled with epoxy. A thin foil heater, 
1.0 mm X 1.118 m X 0.438 m, is attached to the underside 
of the double sided tape with Electrobond epoxy. The 
heater is rated at 120 volts and 1500 watts and is 
manufactured by the Electrofilm Corporation. The foil 
within the heater is custom designed with adjacent braces 
sufficiently close together to maintain a uniform heat 
flux boundary condition. The insulation and support 
substructure consists of a 12.7 mm (1/2 in.) thick Lexan 
sheet followed by 25.4 mm of foam insulation; a 82.55 mm 
thick styrofoam layer, three sheets of .254 mm thick 
Lexan and one 9.53 mm thick sheet of balsa wood. The 


portion of the constant flux heat assembly which 


Ly 


protrudes from the bottom of the test section is encased 
in a plexiglass support frame which is mounted to the 
underside of the wind tunnel frRef. 15, pp. 27-28}. 

Heat transfer surface height adjustment, to 
accommodate thermal expansion, is achieved through the 
use of height adjustment screws mounted in the plexiglass 
support frame. During heat transfer tests, the top 
surface of the plate (the stainless steel foil) is 
Maintained level with the wind tunnel test surface and 
remains flat and remarkably smooth with minimum surface 
irregularities. Surface temperature is controlled by 
adjusting the input voltage to the heater foil uSing a 
Standard Electrical Company variac, type 3000B. For all 
heat transfer tests, heater foil power levels are 
adjusted to maintain overall temperature differences less 
than 30 degrees Celsius to minimize the influence of 
variable parameters. 

In order to determine the heat loss by conduction 
from the heat transfer plate, the results of the energy 
balance performed by Ortiz are used [Ref. 1, pp. 29-33]. 
When heat is convicted from the surface, conduction 
losses are 1.5 percent to 2.5 percent of the total power 
into the heater. For an average plate temperature of 


40 "€ and pamlo m/s freestream flow at 18 i Cc, radiation 
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heat losses are approximately 8.5 percent of the total 
power into the test plate [Ref. 13, p. 32]. The thermal 
contact resistance between thermocouples and the upper 
foil are given by Joseph [Ref. 13, p. 34] and also 
verified by Williams [Ref. 16, pp. 14, 15]. The contact 
resistance is estimated based on the thermocouple output 
and measurements from calibrated liquid crystals on the 
surface of the foil. The Chameleon encapsulated liquid 
crystals, manufactured by Appleton Papers Division of the 
National Cash Register Company, are calibrated to allow 
foil surface temperatures to be measured within + 0.3 
degrees Celsius [Ref. 1, p. 3]. This uncertainty is 
included in the determination of the overall experimental 
uncertainty. Stanton number and Stanton number ratio 
uncertainties, as presented in Appendix B, are based on 
Schwartz’ original estimates [Ref. 18, pp. 267-269]. 
Typically the uncertainty of these parameters are about 
4.4 percent and 5.5 percent respectively. 

Contact resistance for each of the 126 individual 
thermocouples sometimes deviates slightly from the above 
experimentally determined value. The effects of these 
variations are minimized by presenting results for local 
conditions in terms of Stanton number ratios. Local 


Stanton number values are normalized with Stanton number 
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baseline values. Baseline Stanton number measurements 
were made without film cooling and without an embedded 
vortex. 

To confirm the validity of the baseline Stanton 
number data, baseline experimental results are compared 
to empirical relationships, between Stanton numbers ad 
Reynolds numbers, given by Kays and Crawford [Ref. 19]. 


For a constant wall temperature downstream of an unheated 


starting length («¢«), the following relationship is 
valid: 
St, P.°°4 = 0.0287 Re, 9°? (1-(e /x) 77200 7 = (eee 


An approximation for a turbulent boundary layer with an 
unheated starting length followed by constant heat flux 


1s achieved by altering Equation 2.1 to obtain: 


Sty Pr°**=0.1030 Re, 7° (dic (c /x\ 2 aan (Eq. 2.2) 


A more exact equation to account for constant heat 
flux surface beyond the unheated starting length 1s given 
by: 

: -0.2 
St Pr 7 = OOF ORe mac 8 ,(1/9,10/9) (Eq. 2.3) 


81 (1/9, 10/9) 


ae 


: 


Here, 8 , and 8,,, are analytically determined values 
of the complete Beta function and the incomplete Beta 
function, respectively. 

Equations 2.1, 2.2, and 2.3 are compared in Figure 6. 
Experimental data are compared with equation 2.3 in 
Figure 7. Four baseline Stanton number data sets show 
agreement with the equation, with a maximum deviation of 


+ 5.0 percent. 


E. TEMPERATURE MEASUREMENTS 

Calibrated copper-constantan thermocouples are used 
for all temperature measurements. These include the heat 
transfer surface temperature, the freestream temperature, 
the injection plenum temperature, and local boundary 
layer temperature. The calibration equation for the 126 
thermocouples used to measure surface temperature on the 
heat transfer plate is given by Ortiz [{Ref. 15, p. 34]. 
All 126 thermocouples are of similar manufacture and 
their outputs agree to within + 2 microvolts. The same 
calibration equations for the freestream thermocouple and 
the injection plenum thermocouple used by Williams are 
used in the present study [{Ref. 16, pp. 15, 16). A new 
calibration was performed for the thermocouple used to 


measure local temperatures within the turbulent boundary 
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tayer. A temperature bath maguiatec Chrouch) coe On 
electric heaters ang liquid nitrogen, along =. neweee 


platinum resistance temptcature refererce (+0.01 ©} were 


used “fer thes pwWegese- The third-order pCclyiva ea 
representing temperature as &@ function of thernocounrle 
cutpuet veltege (E=nigs volts) is cia = 

y ~ 
T==-.033367+26.2327 Bo = Jena oe ae 2507 Fo to lie er 


utilizing the freestr@am temsereature (TIT, ) =aempeeeuae 


7 Ch a] * ms « ~ 5 pale ee ‘api. alte) -~ a” — 
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[Jimeno & e surveys freestream temperature 1S maln tTainese 


Celsius. The constant heat fiux plete is mt energized 
during tne (T-T 2 ) surveys. Local tempdrature wee 


measured at €00 (20 KX 40) locations in the Yo=2eola 7a ae 


Speciriecae./ a locations Spatial resoluticn between 
Sa ing points is 0.2 inches in both the horizonualgeanes 


the vertical directions, with overail dimensions §ot jee 
sampling plane equal to 12 cm X 22 cm. The tw degree of 


freedom traversing device consists of a spanwise and 
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vertical traversing block, each mounted on separate 


assemblies consisting of a 20 thread per inch pitch drive 
screw and two steel case hardened support shafts. Each 
of the two drive shafts is coupled to a separate M092- 
FD310 stepping motor. These motors are controlled by a 
two axis Motion Controller (MITAS), which is equipped 
with 2K bytes of memory and a MC6800 16 bit 
microprocessor. Both stepping motors and the MITAS 
controller are manufactured by the Superior Electric 
Company. The MITAS controller was operated by a Hewlett- 
Packard Series 200, Model 9836S computer. 

Voltages from the thermocouples during all 
temperature data collection are read by a Hewlett-Packard 
3497A Data Acquisition/Control Unit with a Hewlett- 
Packard 3498A extender. These units are controlled by 
the Hewlett-Packard 9836S computer equipped with a 
MC6800, 8MHz 16/32 bit processor, dual 5 1/4 in. floppy 


disk drives and 1 megabyte of memory. 


F. MEAN VELOCITY MEASUREMENTS 

The three mean velocity components are measured using 
a DC-250-24CD five hole pressure probe manufactured by 
the United Sensors and Control Corporation. The conical 
pressure probe, with a tip diameter of 6.35 mm, is 


mounted on the automated traversing device. Probe 
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calibration is given by Williams (Ref. 16, ppoi7 yeu 
over a range of yaw angles from -20 degrees to +20 
degrees; and a range of pitch angles from -20 degrees to 
+20 degrees. The Williams calibration data is used in 
the present study to convert pressure coefficients to 
velocity components. Each of the five pressures sensed 
by the pressure probe is directed to a separate Celesco 
model LCVR differential pressure transducer. The full 
scale pressure range of each transducer is 2.0 cmon 
water differential pressure. The five Celesco CD-10D 
Carrier demodulators convert transducer output signals to 
D. C. voltage. Demodulator voltages are then sent to the 


HP-3497A Data Acquisition Unit. 


G. FLOW VISUALIZATION 

Surface flow patterns are visualized through the use 
of a suspension of titanium dioxide (pigment), 
penetrating o11 (low viscosity and low surface tension), 
vacuum pump oil (high viscosity) and oleic aes 
(dispersing agent). This oil-pigment mixture is applied 
in varying proportions to a 1/16 in. thick, nonporous, 
black fiberboard sheet. The painted fiberboard sheet is 
positioned over the wind tunnel test surface downstream 


of the injection holes. Then, the freestream air flow 
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and film cooling injection flow are gradually increased 
to establish the desired blowing ratio. The composition 
of the suspension paint is a modification of the mixture 
described by Bradshaw in Reference 20. 

This technique is used to gain qualitative 
information about the flow in the immediate vicinity of 
the test surface. As long as the flow does not undergo 
rapid transients, the deviation of flow parameters, 
caused by the presence of the oil film, is less than two 
percent of flow parameters for flow with no oil film. 
The use of this technique reveals the direction of flow 
of the limiting streamlines because the oil pigment 
mixture flows in filaments over the surface. Miniscule 
concentrations of pigment form and act as a resistance 
to the flow. A portion of the pigment, which is carried 
by the oil as it is blown over and around the 
concentrated pigment flocs, is deposited in the wake of 
the pigment concentrations. The deposits will continue 
to grow into long streaks until all of the oil is blown 
from the surface. The amount and scale of the streaking 
obtained is directly dependent on the proportion of oleic 


acid (anti-coagulant) used in the mixture [fRef. 21). 
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The mixing proportions of the suspension paint used 
in the present study yielding the most satisfactory 
streaking patterns are: two parts titanium dioxide; one 
part oleic acid; 33 parts penetrating oil; and three 
parts vacuum pump oil. Once satisfactory surface flow 
streaking patterns are obtained, the wind tunnel flow 
rates are gradually reduced to zero, and photographs of 
the flow visualization patterns are taken through the 


clear plexiglass wind tunnel top wall. 
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Iifl. EXPERIMENTAL RESULTS 


A. DEFINITIONS OF KEY PARAMETERS 


Circulation over a region A in the Y-Z plane is given 


Dy : 
. = r W,dA GEC. or, ls 
Pemeesepresents the streamwise vorticity, which 1s 
expressed by: 
ol Nes = d Uy 
Co + (Eq. 3.2) 
dy ez 


Streamwise vorticity in the Y-Z plane at a given x/d 
location is estimated using a central finite difference 


equation for each sampled point: 


Wy(y,Z) = U, (y+ 4 y¥,z)-Uz(y-Sy,2) Ghee erase 
50 ey 

- Uy(y,2+ 4 2)-Uy(y,2-42) 

a Sr? ae 
Here 4y and 4z are the incremental probe positions in the 

Y and Z directions, respectively. 

imeaetermine Circulation using Equation 3.1, all 
vorticity levels below a threshold level are set equal to 


zero. Schwartz [Ref. 18} utilizes a threshold vorticity 


ay} 


of 100 s tl. In order to provide continuity between 
Schwartz’ results and those of the present study, 
circulation is estimated based on the same value of 

threshold vorticity. Additionally, a second estimate of 
Circulation is made using a threshold vorticity value of 
76.03 st. This latter value is ten percent of the 
maximum vorticity (measured at x/d=41.9) of vortex r 
(generator aspect angle of 18 degrees and no film 
cooling), (Data Run #101588.1145, Figure 8]. The latter 
choice of threshold vorticity allows for a better 
evaluation of the circulation of lower strength vortices 
(e.g., for a four degree generator angle, maximum 
VOLELCREY 11S igre sme Once threshold vorticity wage 
established, circulation is estimated using Equation 3.1. 
For this calculation, the product of the differentia 
node value of vorticity (w,) and the differential elememe 
area (QAQz XKQ&y = .258 cm“) 1s summed over all sample 


points with values of wy greater than the threshold 


x 
VOrELCI Ey - 

The following dimensionless parameter 1s used as a 
measure of vortex strength relative to cooling jet 


strength: 


Ss = T/(U,° @) (Eq. aap 
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Deemer te seme average injection velocity at the wall, 
and d is the diameter of the injection hole. With no 
film cooling (m=0 & U,=0), the parameter S is meaningless 
and therefore not used. 

The dimensionless parameter used to compare vortex 


core size relative to injection hole size is given by: 


2G ZGOre +eveCoOne 2 (EGegeeeio,) 
d 
Here c represents the average vortex core radius. Two 


separate schemes for calculating the average vortex core 
diameter [2((Zcore + Ycore)/2)] are now discussed. 

In the first scheme, the embedded longitudinal 
vortices are assumed to be modified a Rankine vortices. 
All streamwise vorticity created by a Rankine vortex is 
contained within its core. The core of Rankine vortex 
extends from the point of minimum secondary flow velocity 
(center of core) to the point of maximum secondary flow 
melocity . Here, secondary flow velocity 1s defined as 
Uy? + Uz". The use of this method to estimate average 
core diameter, at best, is accurate to within + .51 cn, 
Since this is the spacing between sample points in both 


meme and Y directions. 
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To obtain a more accurate measure of average core 
radius, a second approach is used which is similar to the 
method used by Westphal et al. [Ref. 22]. With this 
approach, the finite difference matrix point with the 
Maximum streamwise vorticity (Wxmax) is defined as the 
center of the core. The average radial distance from the 
center to the point of 0.4 Wxmax is then determined in 
both the Y and Z directions. With the previous approach, 
linear interpolation between matrix points cannot be used 
to identify local minima and maxima. However, if the 
outer boundary of the core is defined as a certain 
percentage of Wxmax, linear interpolation can be employed 
to estimate the location of this boundary between 
measurement locations. By uSing a specific percentage 
(40) of Wxmax to define the core boundary, a more 
accurate estimate of core diameter is obtained. The 
resulting estimates of average core diameter show 
reasonable agreement with the average values reported in 
References 1 and 16 for similar strength vortices. Core 
diameter values reported in those studies are calculated 
from secondary velocity maxima and minima. 

Figures 8-22 show the vorticity contours for all 
combinations of film cooling and vortex strengths 


employed in this study. The subsequent section discusses 
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mis Gata in detail. ine Crdemeetrom provide Continuity 
between studies, two separate values are listed on these 
figures for vortex circulation, and vortex core size 
parameters. The value of circulation based on the 
100 1/s vorticity threshold is denoted on these Figures 
as Cr, while the value of circulation based on the 76.03 
1/s threshold is annotated as Cr2. Vortex core radii 
calculated from secondary velocity maxima and minima are 
denoted on the Figures as Zcore and Ycore, while core 
radii calculated using the 0.4 Wxmax approach are denoted 
as Z2core and Y2core. Two separate values are also given 
for the dimensionless parameters of core strength and 
core diameter, annotated in accordance with this scheme. 
Data tables, presented in the following section, 
Summarize the key parameters calculated from the 
vorticity contours. These tables also list two separate 
Peamues for vortex circulation, strength, and core 
diameter. Within the text of this thesis, the 
circulation values and core strength values quoted are 
those based on circulation values using the 76.03 1/s 
vorticity threshold. The values cited for core radii and 


core size are those derived using the 0.4 Wxmax approach. 


on 


B. FIVE HOLE PRESSURE PROBE SURVEYS 

Distributions of streamwise vorticity, streamwise 
mean velocity, secondary flow vectors and total pressure 
are presented in Figures 8-74. These surveys are 
obtained using the five hole pressure probe. For each 
Survey the probe is positioned at 800 different locations 
in the spanwise plane at x/d = 41.9. The freestream 
velocity (Uco) is maintained at 10.0 + .2 M/s. The 
Surveys are conducted for three separated film cooling 
configurations: (aly) No film cooling, m=0.0; (2) Fila 
cooling from a single injection hole, m=0.50; (3) Film 
cooling from a row of 13 injection holes, m-=0.50. The 
number (2) film cooling configuration is alternately 
referred to as film cooling with single injection hole or 
film cooling with three injection holes. 

The strength of the embedded vortex is varied by 
incrementally changing the aspect angle of the vortex 
generator over a range of 18 to 4 degrees. For eachiam 
the three film cooling configurations, a separate mean 
velocity/mean vorticity survey is conducted for each of 
the five incremental settings of vortex generator angle. 
The surveys with no film cooling are conducted with the 
generator spanwise position maintained at Z=0.0 cm, while 


generator angle is varied. For the surveys with film 
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Goewing, 


indicated in Table I. 


This is done to ensure that the 


the spanwise generator position is changed as 


vortex is positioned with injectant from the centerline 


hole directly beneath the vortex downwash as the vortex 


passes over the injection hole. 


Table II lists the data file number, 


experimental 


conditions and corresponding Figures for all five hole 


pressure probe surveys. 


TABLE II. 


Figure 


8, 27-29 
9, 30-32 
10,33-35 
11,36-38 
12,39-41 
13,42-44 
14,45-47 
15,48-50 
16,51-53 
17,54-56 
18,57-59 
19,60-62 
20,63-65 
21,66-68 
22,69-71 
72-74 


Probe Location: 


OO oO O71 © © Gz O70 Ore © 2 @ 


FIVE HOLE PRESSURE PROBE SURVEY 


5 


OO0O00 O 


.50+.03 
.50+.03 
.50+.03 
.50+.03 
.50+.03 
.50+.03 
SO 403 
.50+.03 
.50+.03 
.50+.03 
.50+.03 


Freestream Velocity: 


x/d 


Number of 
Injection 
Holes 


WWWWWOOdO0O 


41.9 
Un 


no 


Vortex 


(Table T) 
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DATA 


Survey Data 


TOUS S 
LOS 2c. 
LOMSS Ss. 
TOL6Ge ee 
101688. 
owe, On 


OAS Se 


LO sSo. 
102088. 
POZUSS - 
OZ OSS. 
102288. 
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102188. 
MO2ZES . 


Run Number 


1145 
Is) Su, 
1054 
1524 
2023 


2347 
1025 
1718 
205 1 
25 > 
1839 
323 
0834 
FL BES, 
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The results from the five-hole pressure probe surveys 
are presented in the following order: first, the 
streamwise vorticity contours (Figures 8-22) for all 
pressure probe surveys are presented. Next, secondary 
flow vector distributions, streamwise velocity fields, 
and total pressure fields (Figures 27-74) are discussed. 

1. Streamwise Vorticity Contours 

a. Vorticity Contours: No Film cooling 

Streamwise vorticity contours of single 
embedded vortices, with no film cooling (m=0.0), are 
measured at x/d = 41.9 and presented in Figures 8-12. 
Vortices r, s, t, u, and v are employed (see Tables I and 
ie For these five contour plots the dimensionless 
parameter S =I//(U,:d) Ras no meaning since Ul) aemes 
Therefore, the circulation (I) of each vortex is used as 
a measure of vortex strength. Vortex circulation values 
range from .149 m/s for the strongest vortex (r) to 
0.19 m“/s for the weakest vortex (v). 

Figures 8-12 show that the spanwise location 
of the vortex center (Zcen) changes from Z = -3.56 cm to 
Z = +0.51 cm, as the circulation decreases from .149 m/s 
EO =. O19 m/s. As a result, only vortex r was positioned 
with its downwash directly above the wind tunnel 


centerline (location of injection hole) for x/d = 0.0. 
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When film cooling is employed, the spanwise position of 
the vortex generator is moved, in the case of the four 
weaker vortices, to insure that the downwash of each of 
these vortices is also directly above the spanwise 
centerline for x/d = 0.0, as the vortex passes the 
injectant hole. The Zcen information of Figures 8-12 was 
used to calculate the spanwise displacement of the vortex 
generator required to insure appropriate vortex 
positioning at x/d = 0.0. 

Figures 8-12 show that the vortex core is 
approximately circular in shape. The Z and Y radii of 
the core are relatively constant for all vortices 
regardless of strength. Radii values range from .70 cm 
ome. 77 «2CM. This leads to a relatively constant 
dimensionless core size parameter, 2c/d, ranging from 
imag) tO 1.62. This constant core size for all vortex 
strengths is a direct result of the method used to define 
core radii. These average radii are calculated for the 
area which encompasses all vorticity values greater than 
or equal to 40 percent of the vorticity encountered at 


the vortex center (Wxmax). If the core were defined as 
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the area encompassing a given percentage of an absolute 
constant value of vorticity (1.e., 100 1/s f£6r exanpweum 
the vortex core size would decrease with decreasing 
vortex strength. 

Figures 8 and 9 each display a region of 
negative vorticity located appproximately 3 cm in the 
negative Z direction from the center of the vortex. 

Table III lists vortex parameter information 
obtained from the streamwise vorticity contours of 


Figures 8-12. 


TABLE. LiL. VORTEX PARAMETERS: NO FILM COOLING (M=0.0) 
(5) C1) se (3) 3) (3) (4) 05) (4) 
VORTEX 8 Wxmax ‘ l teore =: Yeore 2e/d licore sicore 2e/d 


is) (cnt) (om) Ct) om) 








—— ne 


1 760.3 .14029 .14955 .76 .76 1.604 # «77 ()7 7s 





S 626.2 .11556 .11556 .51 9276 125337 32 
t S225 VeveZzezZ .08523 .51 .76 1.337 4.71 . 7 OR 
u 278.2 .02991 .04130 1.02 ./6 0013872555). 70 2 Gee 


V 179.2 .01500 .01925 .25 .76 1.0695) 2) ee 


Freestream Velocity = 10 + .2 m/s 
K/d = 4125 


1. Based on vorticity threshold of 100 1/s (Reference 18). 


2. Based on vorticity threshold of 76.03 1/s (10Z ot Mixmax eke 
PIOUS 8 a .. 


3.  Based.on core radius measurement from minimum secondary 
velocity to maximum secondary velocity. 


4. Based on core radius measurement from center of vortex to .40 Wxmax. 


5. Denotes maximum streamwise vorticity. 
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bee vOrt@rercy Contours: Film Cooling From A Single 
Injection Hole 


Streamwise vorticity contours of single embedded 
Mereices with single injection hole film cooling 
(m = 0.50) are presented in Figures 13-17. With film 
cooling, the vortices employed (in order of decreasing 
strength) are r, w, xX, y, and z. Vortices w, x, y, and z 
have approximately the same strength and circulation, 
respectively, as vortices s, t, u, and v. The downwash 
of each of the vortices r, w, xX, y and z passes over the 
centerline injection hole at x/d = 0.0. This spanwise 
positioning is achieved for the latter four vortices (w, 
xX, y and z) by changing the spanwise location of the 
vortex generator as described earlier and as indicated in 
Table I. 

The nondimensional strength parameter is represented 
eemer5/(U."d) on Figures 13-17. Values of ! /(U,° da) for 
MerrE1ces r, W, X, Y, and z at x/d = 41.9 are 3.17, 2.55, 
jeoe, 1.08, and 0.29 respectively. At x/d = 41.9, the 
spanwise location of the core center (Zcen) for each of 
these five vortices is Z = -3.56 + .51 cm. The core 
radius values in both the Z and Y directions (Z2core and 
Y2core) fall within the range of .69 cm to .76 cm. As a 


result, the dimensionless core size parameter of 2 c/d, 


SU) 





(denoted on the figures as 2(Z2core + Y2core) 7 ieee we 
is relatively constant for all five vortices, ranging 
from V1.46 “tomeis5o- Circulation of the five vortices 
changes from .151 m/s EO Oea m/s. Figures 13 and 14 
also show small areas of negative streamwise vorticity 
which are near the vortex upwash, to the left of the 
VOrtex Cores. 


Table IV summarizes vortex data from Figures 13-17. 




















TABLE IV. VORTEX PARAMETERS: FILM COOLING FROM A SINGLE 
INJECTION HOLE (M=0.50) 
5) ee r 3 | 3) c a) (+) (4) 
RTEX hems a S i ee: e.Ore iene -cid Beene ccore oud 
‘ Ts r iu d, {mh : H q e Aiea m } (com) 
r Ar a = 45¢ aoe ee J 0 - ee 76 #4 1.368 
7 - we wsao 2 le mee Z Ks ie ~S6 
4 ~ ~ ai le) _ = o 5 76 aw 12 Pes 10 
Ls a “ 07093 oF £72 09 | ae 
= “ ” C Pesos U Pot 7¢ meat 74 hs Soe 
Freestream Veloeiey ==). ens 
M/C =) eo 
| Based on vorticity threshold of [00 lysm tee eacewe oe 
2. Based on vorticity threshold of 76.03 1/5 (102%0t"Wumanene 
POMS Sea 4s. 
3. Based on core radius measurement from minimum secondary 
velocity to maximum secondary velocity. 
Based on core radius measurement from center of vortex to .40 Wxmax. 


Denotes maximum streamwise vorticity. 
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Gemmevorticuey Contours: Fitmemeooling From 13 
Injection Holes 


Streamwise vorticity contours for film cooling 
from 13 injection holes (m=.50), measured at x/d = 41.9, 
ecmpresented in Figures 18-22. Values of [/{U.-d) for 
Poereices r, w, X, ¥, and Zz are 2.81, 2.33, 1.86, 0.89, 
and 0.17 respectively. Vortex circulation decreases from 
.134 m/s To .ooo m/s. The spanwise location of the 
vortex center for all five vortices 1S again 
ea —5.56+ .51 cm. 2c/d ranges from 1.48 to 1.61, while 
the core radii in both the Z and Y directions are 
approximately constant for all vortex strengths, ranging 
meem .6oS Cm to .76 cm. 

Vorticity contours for the three strongest vortices, 
in Figures 18, 19, and 20, show areas of negative 
vorticity to the left of the vortex upwash. 

Table V. summarizes the vortex parameter data 
measured for film cooling from a single row of 13 


injection holes. 


3 





TABLE V. VORTEX PARAMETERS: FILM COOLING FROM 13 
INJECTION HOLES (m = 0.50) 








(S) (1) (1) (2) (2) (3) (3) (3) (6) a 

VORTEX Wxmax r S af s Zcore Ycore 2c/d 22core Y2core 
(l/s) (m /s) r/(U5* dd) (m /s) i AS | I ay) (cm) (cm) (cm) 
716.5 sLalZ6 227 Das2 2b 3S67 2.81419 ee ills) 1.069 ails .26 
693.9 .09908 2.08588 11080 Zo ag20s 776 pa | es Ys ove Aa 8) 
pein) 08424 Lotessg 08843 1.86169 S20 soa . 802 . 68 mee 
4 | .03997 . 84146 .04209 88607 Be) ara: Lod 568 see 
126.7 .00594 .12498 .00829 eeog Pan 76 3.476 ae 74 

Preesctream Velocity = 108. 


x/d = 41.9 


1. Based on vorticity threshold of 100 1/s (Reference 18). 
O 


2. Based on vorticity threshold of 76.03 1/s (107000 «meee 
(LO Loe. bao) 
3. Baged on core radius measurement from minimum secondary 
veiocicy CO maximum Secondary velocicy 
/ “ F os + ral Da 
Based on core radius measurement from center of vortex to .40 Wxmax. 
5 Denotes Maximum Streamwise Vor e1c 1 cys 


ad. Dependence of Vortex Parameters 
Vortex parameter dependence iS indicated 
Figures 23-26, which show the relationship between vortex 
generator angle and various vortex parameters. Figure 
23, shows the varying spanwise location of the vortex 
center, for x/d=41.9 and blowing ratio of 0.0. Fereunu 


case, the generator angle was varied from 18 to 4 degrees 


40 


memepmOduce vortices r, s, t, wu, and v. Figure 23 
additionally, shows that the vortex center spanwise 
location is essentially constant at Z=-3.56 + .51 cm, for 
x/d=41.9 and blowing ratio=0.5 (for both single injection 
hole and 13 injection holes). This constant spanwise 
vortex position for x/d=41.9 is accomplished by changing 
the spanwise position of the generator from Z=0.0 to 
Z=-4.07 cm as the generator angle is changed from 18 to 4 
degrees to produce vortices r, w, x, y, and Zz. 

Maximum vorticity (Wxmax) and circulation (Cr), at 
x/d=41.9, for all cooling configurations, are plotted 
with respect to vortex generator angle in Figures 24 and 
DS These plots show that film cooling, regardless of 


Semerguration, has minimal effect upon vorticity and 


eeaeulation. Vortex strength, determined by the 
generator angle, determines these characteristic 
parameters. Figure 26 shows the non-dimensional 
Seeeulation { | /(U. + 4d)] versus generator angle, at 


x/d=41.9, for single hole injection and 13 hole injection 
Eemea blowing ratio of 0.50. The curves for the two 


injection hole configurations are very nearly the same. 
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Thus, vortex generator aspect angle, and not film 
cooling, is the dominating factor contributing to the 
Magnitude of maximum vorticity, vortex circulation, and 


vortex strength (non-dimensional circulation). 


2. Secondary Flow Vectors, Streamwise Velocity, and 
Total Pressure Distributions 


Distributions of secondary flow vectors, 
streamwise velocity and total pressure are presented in 
Figures 27-74. Measurements are made at x/d=41.9, with 
freestream velocity equal to 10.0 + .2 m/s. This data is 
presented in the following order: (a) m=0, no film 
cooling, Figures 27-41; (b) m=0.5, single injection 
hole, Figures @42=567 sme) m=0.5, 13 injection holes, 
Figures 57-71. The effects of the embedded vortex on the 
boundary layer are qualitatively similar to those 
observed by Ligrani et al., and reported in References 1, 
2, sana 3s 


a. Velocity and Pressure Distributions: 
No Film Cooling 


Data for m=0.0 are shown in Figures 27-41. 
Figures 27-29 show the effects of vortex r with a 
circulation (IT) equal to .149 m/s. Figure 27 shows the 
secondary flow velocity vector field, Figure 28 depicts 
the streamwise velocity field, and Figure 29 displays the 


total pressure field. 
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The presence of a vortex is indicated in 
Figure 27 by the strong secondary clockwise rotating 
cross flow. The downwash region of the vortex is 
distinguishable by strong downwards secondary crossflow 
velocities directed towards the wall (-Y direction). The 
secondary crossflow velocities in the upwash region (left 
portion of vortex) are directed upwards, away from the 
wall (+Y direction). Figure 27 also shows the dominating 
feature of strong secondary velocities, with a -Z 
direction, between the wall and the vortex. The area to 
the left of the vortex upwash where the secondary flow 
vectors indicate a weak counter clockwise rotating 
crossflow is coincidental to the region of negative 
vorticity cited in the discussion of vorticity contours. 
Figure 28 shows high streamwise velocities near the wall 
on the downwash side of the vortex (Z = 0), while low 
streamwise velocities exist near the wall in the vortex 
upwash region (-10.0 <Z<-6.0). Low streamwise velocity 
fluid is swept up (convected) into the upwash region by 
the strong secondary crossflow between the wall and 
vortex. As a result, the boundary layer thickness is 
increased in the upwash region and decreased in the 
downwash region. Figure 29 indicates that high pressure 


(high momentum) fluid is found in close proximity to the 
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wall, within the area of the vortex downwash, while low 
pressure (low momentum) fluid is swept up and away from 
the wall within the upwash region. 

Figures 30-32 show the effects of vortex s, 
with circulation equalwco bes m“/s. Figures 33-35 
depict the boundary layer as affected by vortex t, with 
Clireulation of =s0e5 m/s. The data presented in Figures 
36-39 display the effects of vortex u with T= .041 m/s. 
Figures 39-41 correspond to vortex v and [= .019 m“/s. 
The local structure of vortices s, t, u, and v (Figures 
30-41) 1s qualitatively similar to that of vortex r, 
discussed above (Figures 27-29). The extent of the area 
affected by each vortex, l.e., the size of the downwash 
region and the size of the upwash region, decreases with 
decreasing vortex circulation. Additionally, the 
magnitude of the perturbations to the local boundary 
layer within the upwash and downwash regions also 
decreases as the circulation decreases from .115 m/s te 
.014 m@/s. 

A comparison of secondary flow vector 
distributions (Figures 27, 30, 33, 36, 39} reveals that 
the vortex center, at x/d=41.9, is located further comers 
left (negative Z direction) as the strength (circulation) 


of the vortex is increased. This is a result of spanwise 
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Migration of the vortex core as the vortex travels in the 
streamwise direction. This phenomenon, caused by the 
secondary flow between the core and the wall, is 
discussed by Ligrani and Williams [Ref. 1]. 


b. Velocity and Pressure Distributions: Film Cooling 
from a Single Injection Hole 


Results for m=0.5, single injection hole film 
cooling are presented in Figures 42-56. Figures 42-44 
show the effects of vortex r (S = 3.17 and © = .151 
m“/s). WeEcex w (Se= 2.55 and Joe= 4121 m/s) data are 
shown in Figures 45-47. Figures 48-50 present the 
effects of vortex x, with S=1.88 and = .089 m/s. The 


Gistributions of Figures 51-53 show the effects of vortex 


y with S=1.08 and =.051 m“/s, while Figures 54-56 
correspond to vortex z with S = 0.29 and circulation (1! ) 
= .014 m/s. 


All vortex core centers are located at 
myecoximately Z = =-3.56 cm for x/d=41.9. This is 
accomplished by displacing the vortex generator in the 
Spanwise direction as its angle is changed. 

Magnitudes of perturbations in the vortex upwash 
region and in the vortex downwash region decrease as 
vortex strength (S) decreases from 3.17 to 0.29. 


Vortices r, w, and x cause substantial thinning of the 
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boundary layer in their downwash regions which extend 
roughly from Z = =3.O0mcm to 92> +1] Ome ur The upwash 
regions of these three relatively strong vortices are 
distinguishable by the abundant presence of low velocity, 
low pressure fluid. This low momentum fluid, which is 
convected into the upwash region, blankets the wall and 
is swept up away from the wall in a clockwise direction 
(looking downstream). 

For vortices r, w, and x the upwash region 
extends from approximately Z = -9.0 cm to approximately 
Z =-4.0 cm. The two lower strength vortices, y and 2Z, 
produce minimal boundary layer thinning, in the downwash 
region, and minimal boundary layer thickening in the 
upwash region. This is due to significantly reduced 
magnitudes of the cross flow convection velocities 
between the vortex and the wall. 


c. Velocity and Pressure Distributions: Film 
Cooling from 13 Injection Holes 


Figures 57-71 present the data for m=0.5, and a 
Single row of 13 injection holes. For this situation the 
strengths of vortices r, w, xX, y, and z are 2.819) 22228 
1.86, 0.89, and 0.17, respectively. Respective values of 
vortex circulation are .133 m/s, =, Lal m/s, .088 m/s, 


.042 m*/s, and .008 m“/s. 
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Figures 57, 58, and 59 respectively show the 
secondary flow vectors, the streamwise velocity field and 
the total pressure field, corresponding to vortex r. 
Figures 60-62 apply to vortex w, and Figures 63-65 show 
the effects of vortex x. Figures 66-68 depict the 
effects of vortex y, while Figures 69-71 correspond to 
vortex Z. 

As before, the magnitude of the boundary layer 
perturbations is directly dependent upon the strength of 
the embedded vortex. The resulting boundary layer 
dimensions in the upwash and downwash regions are 
identically similar to the boundary layer dimensions for 
an equal strength embedded vortex with one film cooling 
hole. For this film cooling configuration, the mass flow 
of injectant into the turbulent boundary layer is 4.3 
times the amount encountered in the single hole 
configuration. Yet the boundary layer perturbations 
caused by the vortex are not altered by this additional 
injectant issuing from holes adjacent to the upwash and 
downwash regions. Therefore, for a constant blowing 
ratio, the vortex, and not the film-cooling, is most 
important in regard to the resulting boundary layer 


pressure and velocity distributions. 
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The streamwise velocity and total pressure 
distributions display nearwall velocity and pressure 
deficits at discrete spanwise locations away from the 
vortex core. Figures 73 and 74 show the location of 
these deficits in a film cooled turbulent boundary layer 
with no embedded vortex. These locations correspond to 
the spanwise locations of the film cooling holes. 
Inspection of the data with embedded vortices (Figures 
57-71) indicates that these velocity and pressure deficit 
locations shift towards the vortex upwash. The magnitude 
of this shift increases as vortex strength is increased. 
This skewing of the injectant from its nominal streamwise 
direction as it is redistributed by secondary flow 
convection is also discussed by Ligrani and Williams 
[Rei “leand’.l6 7. 

3. Average Vortex Strength 

Vortices r, w, X, y, and z, are used when mean 
temperature surveys and heat transfer measurements are 
made. These data are presented in subsequent sections of 
this thesis. The strength and circulation of vortices r, 
WwW, xX, y, and z are measured in the five-hole probe 
Surveys, in an isothermal flow field. Because Figures 
25-26 indicate that vortex strength and circulation gaa. 


nearly independent of cooling configuration, the values 
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of I and i /(U,° d) used in subsequent sections are 
obtained by averaging values for single hole injection 
with values for 13 hole injection. These average values 
of vortex circulation and non-dimensional circulation for 


vortices z, y, X, W, and r are listed in Table VI. 


TABLE VI. AVERAGE VORTEX STRENGTH AND 
CIRCULATION VALUES AT x/d=41.9 


Generator Vortex Vortex 
Angle Cirgulation (7) Strength 
VORTEX (degrees) (Mime as) ‘eS /(U." a) ) 
Z 4 .01382 23540 
Y 8 .04485 .9815 
x i2 .08763 eo 7 Og 
W 1s E579 ea 400 
Te 18 ~ 14466 2.9940 


C. MEAN TEMPERATURE SURVEYS 

The mean temperature surveys of Figures 75-95 are 
obtained using an experimental approach introduced by 
Ligrani et al. [Ref. 3] in which injectant is heated to 
approximately 50 degrees Celsius, while the test plate 
remains unheated. The temperature field, given as 


(T - Tx ), Shows how the fluid from the injection holes 
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is convected and distorted by the vortex. Higher 
temperatures indicate greater amounts of injectant. 
Ligrani and Williams [Ref. 1 and 16] discuss additional 
details of this technique. 


Experimental results are presented for mean 


temperature surveys in the following order: (1) mean 
temperature surveys conducted at x/d = 41.9 with film 
cooling from a single injection hole, (2) mean 
temperature surveys conducted at x/d = 41.9, with film 
cooling from a row of 13 injectliong@tioleam =. mean 


temperature surveys conducted at x/d = 5.2, 41.97 8258 
and 109.2, for film cooling from a single injection hole, 
(4) mean temperature surveys conducted at x/d = 5.2, 
41.9, 82.9, and 109.2, for film cooling from 13° %njeeuran 
holes. For (1) and (2) separate surveys are conducted 
using no vortex and vortices r, wW, xX, y, and z. For (3) 


and (4) surveys are conducted using vortex w. 
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The following parameters are maintained constant for 
all mean temperature surveys: injection temperature = 51 
2, —-0) "¢, m= 0.50 + .03, freestream velocity (U wo) = 
10.0+ .2 m/s, and nondimensional injection temperature (0) 
fomeo6 €UM(c TOUUCL,CU HOO). Figure numbers, film cooling 
conditions, streamwise locations and survey data run 
numbers for each mean temperature survey are given in 
Table VII. 


TABLE VII. TEMPERATURE SURVEYS: EXPERIMENTAL 
CONDITIONS AND PARAMETERS 





Survey Data Eile C@edsicne x/d 
PiG LURE Riviere oer tloles BoC ae ron WOR ie 
79 ee weoelole l a es, 
76 eee oela.4 l 41.9 
ia) eres a ODS l 41.9 
78 Pe SOeo. | ales ] 41.9 
72,85 eee o wo l 41.9 
SU ee elo | f44 ] 41.9 
on e285 1154 13 41.9 no 
82 M26Genhb5? lS. 1.9 
§3 Vi2ee5. 1345 ies 41.9 
84 meSO0C8 wle44 IS 41.9 
65,93 Pee ee wl 42 ‘ae 41.9 
&6 122566216279 s 41.9 
» 38/7 ULGSE926So15 l ee 
» 89 010489.1712 l 82.9 
90,91 OMOSS S23 / lk FOSee2 
92 010389.2158 cS Sea 
| 94 S1GGso m5 | 13 82.9 
| 95 010689.1136 i eos 2 
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1. Temperature Surveys at x/d=41.9: Film Cooling 
from a Single Injection Hole 


Figures 75-80 show injectant distributions within 
a turbulent boundary layer with film cooling from a 
Single injection hole. Figure 75 shows injectant 
unperturbed by a vortex. Figures 76 and 77 show the 
effects of the relatively weak vortices z and y 
[r /(U, -da) = 0.23 and 0.98 respectively]. Hercyijaga 
injectant 1S convected into the vortex upwash, the 
remaining injectant is located near the wall in 
sufficient quantity to provide some protection. Figure 
78, for vortex x ( °/(U-~ dad)=1.87), shows that the bulkgen 
the injectant is swept into the upwash which extends from 
Z=-8 cm to Z=-4 cm. Most injectant beneath the downwash 
of vortex x is depleted. The effects of vortex w andr 
with respective vortex strengths [I /(U,-d)] of 254430 
2.99 are shown in Figures 79 and 80. These figures show 
that the majority of the injectant is located in the 
upwash region. Additionally, injectant beneath the 
vortex downwash is almost entirely depleted for 2Z 


locations from -3.00 cm to +1.00 cm. 
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2. Temperature Surveys at x/d=41.9: Fase Cooling 
from 13 Injection Holes 


The results in Figures 81-86 present injectant 
distributions with film cooling from a single row of 13 
injection holes. Figure 81 shows results obtained with 
no embedded vortex. Figures 82 and 83 display the 
effects of the relatively weak vortices z and y 
[ ae” A) 1.0), Here some redistribution of the 
injectant is evident. Major perturbations to injectant 
distributions are present with vortex x, w, and r, with 
respective P/(U, + ad) values of 1.87, 2.44, and 2.99. 
The magnitude of perturbations increases with increasing 


vortex strength, as shown in Figures 84-86. 


3. Streamwise Development: Film Cooling from _a 
Single Injection Hole 


The streamwise development of the turbulent 
boundary layer with one film cooling hole and vortex w is 
shown in Figures 87-91. Figure 87 (x/d=5.2) shows that 
the majority of injectant is present in a concentrated 
meemedt the location of the film cooling jet, near 
ode. > CM. Secondary convection velocities have swept 
the injectant away from the wind tunnel spanwise 
centerline, and some injectant is accumulated in thee 
upwash region near Z=-6.0 cm. At x/d=41.9, Figure 88 


indicates that the majority of injectant is swept into 
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the vortex upwash located near Z=-6.0 cm. The injectant 
is entirely depleted in the region from Z=-2.5 cm to 
Z=+0.5 Cm. Figure 89 shows that for x/d = 82.9 the 
injectant is now entirely contained within the vortex 
upwash which extends from Z=-12.0 cm to Z=-6.0 cm. The 
near wall region between Z=-6.0 cm to Z=+1.0 cm, is 
completely devoid of injectant. Figure 90 shows that for 
x/d = 109.2 the injectant remains in the upwash region of 
the vortex which has begun to dissipate. Figure 91 shows 
the same temperature survey depicted in Figure 90, only 
here the lower limit on the differential temperature 
range has been expanded to show how the injectant is 


Spread out. 


4. Streamwise Development: Film Cooling from 
13 Injection Holes 


Figures 92-95 show the streamwise development of 
vortex w embedded in a turbulent boundary layer with film 
cooling from 13 injectrcnememe=- The same general 
pattern of development 1s repeated: as the vortex moves 
further downstream, a larger portion of the injectant is 


convected away from the wall and into the vortex upwash. 
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The vortex migrates in the negative Z direction with 
increasing streamwise distance. Due to the increased 
amount of injectant in the boundary layer, clear evidence 
of injectant is present for x/d values up to 109.2, even 


though it has been completely reorganized by the vortex. 


D. HEAT TRANSFER MEASUREMENTS 

Heat transfer measurements are presented in three 
parts: (1) measurements of boundary layers with an 
embedded vortex and no film cooling, (2) measurements of 
boundary layers with film cooling from a single injection 
hole, with and without an embedded vortex, and (3) 
measurements of boundary layers with film cooling from a 
Single row of 13 injection holes, with and without an 
embedded vortex. These results are presented as Stanton 
number ratio distributions over the heat transfer test 
surface. The local Stanton numbers, measured in each 
heat transfer survey, are normalized with the baseline 
Stanton number values. Baseline Stanton number data 
files are described in Section II. D. (heat transfer 


surface description). For (1), (2), and (3), vortices r, 
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W, xX, Y, and z2 are employed. Parts (2) and (3) alse 
include heat transfer measurements with no embedded 
Vortex. Data reduction and plotting programs utilized 
were developed by Ligrani, et al. [Ref. 1, 2, and 3] 
1. Heat Transfer Measurements: No Film Cooling 

Measurements of local Stanton number ratios 
(St/Sto) are presented in Figures 96-100. Here, St 
represents Stanton number values with an embedded vortex 
and no film cooling, and Sto corresponds to Stanton 
number values with no vortex and no film cooling. 
Separate Stanton number distributions are presented for 
VOrttces +6, WwW, sey Ome Freestream velocity is 
maintained at 10.0 + .2 m/s with the test plate input 
parameters equal to 54.5 + .1 volts and 6.0 amps. The 
injection system is not used, and the film cooling holes 
are sealed and taped. 

Figures 96-100 show the Stanton number ratios for 
X=1.15, 1.25, 1.40, 1.60, 1.80, and 2.00. ahem 
coordinate locations correspond to x/d locations of 7.4, 
17.5, 33.6, 54.6, 75.6, and 96.6 respectively. In these 
figures, the St/Sto axes are expanded between .9 and 1.1 
to prevent plotting data points on top of one dnhoathem 
Figures 96-100 show Stanton number ratio magnitudes which 


are greater than 1.0 in the vortex downwash region, and 
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less than 1.0 in the vortex upwash regions. Magnitudes 
of deviations from St/Sto = 1.0 increase with increasing 
vortex strength .and downstream location. These figures 
Peeo siew the spanwise migration of the vortex in the 
negative Z direction as the streamwise distance is 
increased. lLocal distributions of St/Sto also show good 
agreement with the data of Ortiz [{Ref. 15], Joseph 
Meet. 13}, and Williams [{Ref. 16}. Peeper imental 
conditions for the measurements presented in Figures 96- 
moo are listed in Table VIII. 
TABLE VIII. HEAT TRANSFER SURVEYS: EXPERIMENTAL 


CONDITIONS AND PARAMETERS: 
NO FILM COOLING 


Stawiaiea Run 





Figure Humber Vortex Xx (rm) x/d 

96 to 5580153 Z lielysies2. O00 7.4-96.6 
97 Frosss Ua y 1.15-2.00 7.4-96.6 
58 ieooco 0. |? x li = 2200 7.4-96.6 
99 Prozos .2245 W IP. 1 5 = 200 7.4-96.6 
10N6 lies ole y 1,15-2.00 7.4-96.6 


| Sto Data Run Number: 110288.1805 
Meee eeestream Velocity (Un) = 10 + .2 m/s 





Da 





23 Heat Transfer Measurements: Film Cooling 
from a Single Injection Hole 


Figures 101-106 are three-dimensional plots of 
Stanton number ratios which document the streamwise 
development of the film-cooled boundary layer. Figure 
101 depicts the boundary layer streamwise development 
with no embedded vortex. Figures 102-106 show the 
effects of the embedded vortices z, y, x, w, and r, 
respectively. The effects of the vortex upon the film 
cooled boundary layer is indicated by comparing St/Sto 
Values UCGO™SEE/ Stel /alucer Here, St corresponds to 
Stanton number values with vortex and with film cooling, 
Stf corresponds to Stanton number values with film 
cooling only, and Sto represents baseline Stanton numbers 
for no vortex and no film cooling. When the boundary 
layer is unaffected by film cooling or vortex bem 
Stanton number ratios, St/Sto and Stf/Sto, are close to 
a Ors In the vortex upwash region, local St/Sto values 
are low compared to Stf/Sto values. In the downwash 
region, local St/Sto values are high compared to Stf/Sto 


values. Experimental conditions are listed in Table IX. 
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TABLE IX. HEAT TRANSFER SURVEYS: EXPERIMENTAL 
CONDITIONS AND PARAMETERS: SINGLE 
INJECTION HOLE FILM COOLING 








St Data Run Stf Data Run Ua 
Figure Number Number VORTEX M ) m/s 
101 gies. 231) LO 2 31) no vortex .481 Wee ye 9.96 
102 Oees. 2359 PrO46o.235 11 2 7401 lhe Ses 9.96 
103 imnes555.0147 DOeiee 2 31) y 483 lip 3 9.95 
HOG meescoe 0252 DOs e 231 | oe ao2 gree, 9.95 
wO'5 ed 556 .0351 MO econ Ml W 24 o72 lwnay, 9.95 
106 mrO588.0532 mrose8.23511 i -482 eeys 9.94 


@eoeVata Run Number: 121988.1621 

feee- Blowing Ratio 

© Non-Dimensional Coolant Temperature 
Seer reestream Velocity 


In Figure 101, the pronounced decrease in Stanton 
Me@moer ratios at Z=0 cm and X=1.15 m (x/d=7.4) indicates 
the effects on the boundary layer caused by the 
injectant. These effects are significantly diminished as 
the boundary layer develops in the streamwise direction. 
At X=2.0 m (x/d=96.6) the centerline St/Sto and Stf/Sto 
values are nearly equal to 1.0, indicating that the 
effects of film cooling are very small. 


Figures 102-106 show how St/Sto values change as the 





strength of the embedded vortex increases. A qualitative 


comparison of these figures indicates that at X=1.15 m 


De, 





(x/d=7.4), the injectant is dominating the spanwise 
Stanton number distributions since values of both 
centerlne Stanton number ratios are significantly less 
than 1.0. At X=1.25 m (x/d=17.5) the beneficial effects 
of the injectant are diminished by the vortex downwash 
for the two strongest vortices w and r (Figures 105-106). 
This iS indicated by peak values of St/Sto which are 
Significantly greater than 1.0. For the lower strength 
vortices: z, y, and x (Figures 102, 103, and 104) similar 
phenomena occur at locations further downstream because 
the vortex retains its coherence as the influence of the 
injectant diminishes with streamwise development. St/Sto 
peak values in the downwash region and the Stf/Sto 
deficits in the upwash region both increase in magnitude 
with increasing vortex strength and greater downstream 
location. 

Figures 107-142 show the spanwise variation of 
Stanton number ratios at specified streamwise locations 
as the vortex strength is varied. Data presented in 
these figures are the same as in Figures 101-106. Fluid 
parameters, streamwise location, and vortex designation 


corresponding to Figures 107-142 are listed in Table X. 
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Figures 107-112 for x/d=7.4 indicate thaw. eae 
injectant has a greater influence than the vortex on 
spanwise heat transfer distributions for all vortex 
strengths. Figures 111-112 show that the two strongest 
vortices, w and rr create St/Sto peak values of 
approximately 1.05. However, at the same streamwise 
location, the film cooling jets are also important as 
indicated by St/Sto deficits at the centerline. 

Figures 113-118 for x/d=17.5 indicate St/7ome 
deficits in the vortex upwash region for all vortices: 
Z, Y, X, W, and r. This deficit increases in magnitude 
with increasing vortex strength and is believed to be a 
result of accumulated injectant. For vortices x, w, and 
r (Figures 116, 117, 118), large St/Sto deficiutciias 
upwash regions extend from Z=-10.0 cm to z=-3.00 cm. 
St/Sto peaks near Z=0.0 cm for vortices x, w, and az 
indicate that little injectant is present in the vortex 
downwash region which extends from Z=0.0 cm to Z=+5.0 cm. 

Figures 119-124 show Stanton number ratios for 
x/d=33.6. This data show evidence of film coolant only 
for no vortex and vortex z. Figure 121 for vortexaay 
shows St/Sto peaks of approximately 1.0 in the downwash 
region and St/Sto minima of approximately 0.9 in the 


upwash region. St/Sto = 1.0 at the downwash indicates 
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that injectant protection is reduced considerably by the 
vortex downwash. Figures 122-124 show how St/Sto ratios 
vary as vortex strength increases for vortices x, w, and 
r. Here, downwash peaks and upwash deficits increase in 
magnitude as vortex circulation increases. Such behavior 
results as more injectant is connected into the vortex 
upwash, leaving less injectant near the wall to provide 
thermal protection in the vortex downwash region. 

St/Sto and Stf/Sto ratios for x/d=54.6 are given 
in Figures 125-130. Evidence of injection protection 
exists for no vortex and for vortex z. Less evidence of 
injectant is present with vortices y, x, w, and r. 
Figure 127 shows that downwash St/Sto peaks are just 
above 1.0 for vortex y. Higher downwash peaks are 
present for stronger vortices r, w, and x in Figures 128- 
eo © . The St/Sto minima in upwash regions are 
PepLoximately 0.9 for vortices y, x, WwW, and r. 

Figures 131-136 for x/d=75.6 and Figures 137-142 
for x/d=96.6 indicate that the protection provided by 
injectant is reduced considerably in the downwash region 
for all vortices. Figures 132 and 138 for vortex z show 
St/Sto peaks of approximately 1.0. For stronger vortices 


y, X, W, and r, St/Sto peaks grow in magnitude, as do the 
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St/Sto deficits in the upwash region relative €Cowst/see 
=1.0. Additionally, spanwise distances over which the 
vortices affect the Stanton number ratios become larger 
as vortex strength increases. 

The values of non-dimensional circulation 
[ PT/(U,* d)] at x.d=41.9 for vortices r, w, x, y, andy 
are 3.17, 2.55, 1.88, 1.07, and 0.29, respectively. When 
this parameter is less than 1.0, the injectant continues 
to provide some protection near the wall. When it is 
greater than 1.0, protection is reduced and high Stanton 


number regions exist. 


3. Heat Transfer Measurements: Film Cooling from 
13 Injection Holes 


Figures 143-148 are three-dimensional plots 
showing streamwise development of film-cooled boundary 
layers, using a row of 13 injection holes spaced three 
hole diameters apart. Streamwise development is shown 
for the case of no embedded vortex (Figure 143) and for 
vortices Zz, y, xX, WwW, and er (Figures 144-148). 
Experimental conditions for these heat transfer 


measurements are given in Table XI. 
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St Data Run Set Data Run 
eure Number Number VORTEX M © 
n43 eeaee . 0835 TTOa88 .9835 No vortex mae) EE gs) , 
144 mrOseo. b214 ies oG. 0635 Z oye Fae 9 
145 iOS eee.) | 24 11058520835 y wilde? ie iS Z 
146 mrOS6S-1009 POSES .0835 x ayo te ate 9 
a / 110588.0918 PPOS86408 35 W eT ) ED 2) 
148 ienhO se 8.07 18 Peis ce.-0535 E segs | a 2) 
ee ee eee 
sto Data Run Number. 121988.1621 
yl = Blowing Ratio 
o = Non-Dimensional Coolant Temperature 
Ux = Freestream Velocity 
Figure 143 shows data in a film-cooled boundary 
layer without an embedded vortex. Stanton number ratios 
are nearly constant at different spanwise locations for 
each streamwise location. The values of ratios range 
meaoem approximately 0.60 to 0.82, and increase with 
increasing downstream distance. Them eraeorecezven. Of f£12m 
injection provided by the 13 injection holes diminishes 
only slightly over the streamwise distance shown, as 
evidenced by Stanton number ratios which are less than 
ioedat all locations. 
Figures 144-148 show the familiar St/Sto peaks 
and deficits which occur in vortex downwash and upwash 
regions, respectively. The spanwise variations of St/Sto 


TABLE XI. HEAT TRANSFER SURVEYS: EXPERIMENTAL 
CONDITIONS AND PARAMETERS: 
13 INJECTION HOLE FILM COOLING 


values indicate the redistribution of the injectant 
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caused by secondary flow convection. Unlike film cooling 
from a single injection hole, here the St/Sto peaks 
barely exceed 1.0, as a result of increased protection 
provided by injectant from 13 holes. 

Figures 149-184 show individual plots of the same 
St/Sto data given in Figures 143-148. In each Figure, 
spanwise variations of Stanton number ratios are given at 
a particular streamwise location. Flow parameters, 
streamwise locations, and vortex designations 


corresponding to Figures 149-184 are listed in Table XII. 
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TABLE XII. SPANWISE VARIATION OF LOCAL STANTON 
NUMBER RATIOS: 13 INJECTION HOLE 
FILM COOLING 
| 9 Ux 
rigure VORTEX M m/s X (m) 
149 no vortex Rael 5S 9.96 ARS 
150 Zz Bl eS Ss) ')7i eS) 
1 y a72 Laos 9.97 ieee bess 
> 2 x aye igo ye 9.97 ga ws 
3 W ney O 1.59 9.96 IPS 
154 12 may Se le Sct 9.95 ae 
es 5 no vortex ae er | ley 55 9.96 |e 
156 Zz ney se ee eas, 
7 y aa 2 > 9.97 2s 
Lays me aay | Bere: 9.97 ae so 
159 W ern |, 9.96 eels 
160 ie ward ese on oS | eis 
161 no vortex aa | ee) 9.96 eee 
162 Zz eee a | aoe 9.97 ee) 
Fo 3 ay ae a 9.97 1.40 
164 x wag 4 is 9.97 1.40 
165 W ra 1.59 G.96 0 
166 c aye Fess 9.95 a0 
167 mo vortex ay | yes 9.96 E260 
168 Z eal 4 9.97 PS ey0) 
169 y prey ie ips he oy iO 
170 x wal lec 9.9/7 1.60 
71 W oe 1.59 9.96 250 
172 r ~474 ley: 9.95 ow) 
t73 no vortex Sarl |S ye. hs Sls P2o0 
174 2 ey lo 9.97 30 
b75 y aye |r es: OOF eeees ©, 
176 x | Ses 9.97 1.80 
77 WV 4/0 1.59 9.96 S18, 
178 i a7 4 Bic 9.95 rst) 
r79 no vortex s4a7 1 as 9.96 2.00 
180 Z 4 eo 9.97 2200 
18] y a) 2 a5 9.97 2200 
182 ne 47 | P2565 9.97 ZOO 
183 W a4 hess: 9.96 2200 
i84 ng a7 4 ae eS) 2.00 
M = Blowing Ratio 
C = Non-Dimensional Coolant Temperature 
Un = Peeestream Velocity 
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Figures 149-154 present data obtained at x/d=7.4. 
Here spanwise St/Sto values are most influenced by the 
injectant rather than by the vortex for all vortex 
strengths. Small variations in the spanwise 
distributions of St/Sto and Stf/Sto are visible for the 
stronger vortices x, w, and r, but the distinctive 
profile resulting from the vortex downwash and upwash 
combination is not discernible. 

x/d=17.5 data in Figures 155-160 show a maximum 
St/Sto peak of 0.84 at the downwash for vortex r (the 
strongest vortex, Figure 160). St/Sto deficits are 
distinguishable only for the two strongest vortices, w 
and r (Figures 159-160). 

Figures 161-166 show data for x/d=33.6. Here, 
protection from the injectant is diminished significantly 
by the downwash of vortices x, w, and r (Figures 164, 
165>and 166). The maximum St/Sto value is created by 
vortex r (Figure 166) and is about equal to 0.97. 

The x/d=54.6 spanwise variations in Figures 167- 
172 and the x.d=75.6 spanwise variations in Figures 173- 
178 show that the three strongest vortices x, w, and r 
produce St/Sto peak values near 1.0 (Figures 170, 171, 
172, and Figures 176, 177, and 178). 

Figures 179-184 show data for x/d=96.6. All but 
the weakest vortex produce St/Sto peaks which approach or 


slightly exceed 1.0. 
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Values of [/(U, da) at x/d=41.9 for vortices r, w, 
heey, and 2, with film=cooling from”13 holes, are 2.81, 
eos, 1.86. 0.89, and 0.17, respectively. St/Sto data 
indicate film cooling protection in the vortex downwash 
region for the two weakest vortices, y and 2Z 
om (U. ad) < 1.0). When T /(Uy da) > 1.86, St/Sto data 
vortices xr, w, and x indicate minimum injectant 


protection in the downwash regions. 


E. FLOW VISUALIZATION RESULTS 

Flow visualization results for 13 holes film-cooling 
and for single hole film-cooling are presented in Figures 
185 and 186, respectively. Each Figure consists of 
series of six photographs. The photographs show a 1/16 
inch, black fiberboard which is placed on top of the 
test surface, painted with an oil-pigment suspension 
(see Section II. G.) and exposed to the wind tunnel flow 


conditions specified in Table XIII. 
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TABLE XIII. SURFACE FLOW VISUALIZATION: FLOW 
CONDITIONS AND PARAMETERS 


Photo- Ux # of Injection 

Figure graph (any sh) ne Holes Vortex 

85 a sie, O25 be ‘6 

185 b 10 O35 ls W 

i385 é 10 U5 13 se 

135 d 10 025 Is y 

35 e 10 Om) IIS Z 

esi: £ 10 OS ik no vortex 
186 a 10 0.5 l i 

186 b 10 Sipe l W 

186 Cc 10 O45 l i 

186 d 10 ees I y 

186 e 10 O25 l Z 

186 ie 10 Os 1 no vortex 
Inj ection —=-— Unveated 
Test Surface ~--- unheated 


In each photograph, flow 1s moving from top (x.d=2aam 
to bottom (x/d=23.1) as viewed looking down on the test 
surface. The white vertical lines at the top of the 
photographs correspond to the spanwise locations of the 
injection hole centerlines. The test surface spanwise 
centerline is annotated with a draftsman’s centerline 
symbol. The negative Z direction lies to the left of 
this symbol, while the positive Z direction lies to the 


aie The arrow shown at the top of most photographs 
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—— 


indicates the spanwise position of the vortex generator 
at upstream location X=0.48 m. This arrow is not present 
in photographs of flow patterns for turbulent boundary 
layers with no embedded vortex. The wide horizontal band 
visable in the lower half of the photographs (x.d 
approximately 15.8) is due to a probe access slot in the 
test section top wall. 

Figure 185 shows surface flow visualization with 
injection from 13 holes with vortices r, w, xX, y, and z 
mueoeea, Db, Cc, a, e) and with no vortex (185 f). For 
Paecographs a, b, and c,!/(U¢ d) > 1.86. The wide, dark 
path below the centerline symbol in these photographs 
follows the path of the vortex downwash and the vortex 
core. Here, secondary flow velocities sweep the white 
pigment in the transverse direction. The vortex upwash 
region is indicated in these photographs by the bright 
area just to the right of the dark region. Here, 
concentrated flocs of titanium dioxide pigment are 
deposited beneath the core upwash. Streamwise paths of 
the film-cooling jets are also evident in these 
photographs. The paths of these jets, which lie directly 
below the injection hole centerline markings, are 
indicated by narrow dark lines bordered on both sides by 
bright white lines. The centerline cooling jet, rather 
than being enveloped in the vortex, maintains its 


conformity as it is swept to the side of the vortex 


fio! 


upwash. The spanwise migration of the vortex in the -Z 
direction is also evident from these photographs as it 
travels in the streamwise direction. 

Photographs 185d and 185e show surface flow effects 
from vortices y and Zz. Here, I'/(U; a) equals 0.89 and 
0.17, and the vortices disturb surface flow patterns only 
minimally. The only visable effect from vortex y (Figure 
185 d) is the slight -Z2 direction displacement of 
centerline and adjacent film-cooling jet paths. 
Photograph 185 e for vortex z appears almost identical to 
photograph 185 f, which displays the surface flow 
patterns of a 13 hole film-cooled boundary layer with no 
vortex. 

Photographs a, b, and c of Figure 186 show surface 
flow visualization for vortices r, w, and x ina film- 
cooled turbulent boundary layer using a single injection 
hole. /(U,‘da) values are 3.17, 2.54, anda 
respectively. As for Figure 185, upwash and downwash 
regions are discernible by the varying concentrations of 
titanium dioxide pigment. The film-cooling path is not 
discernible from the vortex path in photographs 186 a and 
186 b (vortices w and r). However, Figure 186 c for 
vortex x shows distinguishable film cooling and vortex 
paths. The marked contrast in photograph 186 e is due to 


a change in backround lighting. 


Te 


Photograph 186 dad shows the effects of vortex y 
fo 7 (U, °d)=1-07) on surface flow visualizations. The 
vortex slightly displaces film-injectant in the -Z 
Mmerecticon... The effect of vortex 2 (! /(U,° d)=0.29) in 
photograph 185 e, is even less. Photograph 186 f shows 
surface flow patterns with film-cooling from a single 


hole layer with no vortex. 
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IV. SUMMARY AND CONCLUSIONS 


The influences of circulation of an embedded vortex 
on injectant from a single film-cooling injection hole 
and from a row of 13 film-cooling injection holes are 
discussed. For all tests, the centerline injection hole 
1s located beneath the vortex downwash (Williams’ vortex 
position e) [Ref. 16]. A blowing ratio of approximately 
0.50 and a freestream velocity of 10 m/s are employed. 
Non-dimensional coolant temperature (°) is maintained at 
abowe, 1 52 The non-dimensional circulation of the 
embedded vortex ({ | /(U,'d)) varies between 0.0 and) Geag@ 

Vortex core size is determined for the area where the 
streamwise vorticity is greater than or equal to 40 
percent of the maximum vorticity at the vortex center. 
Based on this model, the average vortex core radius is 
relatively constant for all vortices examined and 
approximately equals 0.73 cm. The dimensionless core 
Size parameter, 2c/d, is then about 1.5, where c is the 
average vortex radius and dad is the injection hole 
diameter. 

Local heat transfer distributions are altered 
Significantly by embedded longitudinal vortices. For 
vortices with r /(Ug: d) < 1.0, evidence of thermad 


protection from film cooling is seen for x/d values up to 


74 





54.6 for single hole film-cooling and x.d values up to 
Powe for 13 injection hole film-cooling. When ! /(U,° q) 
>1.0, evidence of injectant is present for x/d values 
only up to 7.4. At streamwise locations greater than 
x/d=7.4, injection protection is minimized in the 
downwash region, as indicated by augmented Stanton 
numbers which persist as far downstream as x/d=96.6. 

Mean temperature and mean velocity surveys in 
Spanwise normal planes and surface flow visualization 
results are consistent with heat transfer surveys. For 
rT /(U,:dad) > 1.0, injectant is swept from the downwash 
region into the vortex upwash by secondary flows. When 
I/(U,+ @) is less than 1.0, some injectant remains in the 
downwash region and thus continues to provide some 


thermal protection near the wall. 
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Figure 2. 
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Figure 3214 Streamwise Vorticity Contours, 


x/d=41.9 m=0.5, 13 Injection Holes, 
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Figure 22. Streamwise Vorticity Contours, 


x/d=41.9 m=0.5, 13 Injection Holes, 
r =.008 m/s, S=0.17, Vortex z 
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Figure 42. Secondary Flow Vectors, 
x/d=41.9 m=0.5, Single Injection Hole, 
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'=.051 m“.s, S=1.08, Vortex y 


May) 


7 a8 


RUN #102088. 


Ptotal 
oe ed, 


le 
18 


Pilgquce soc. 


ewn oe wn 
nmwmnwo wo 

vv 

ww w 
nowndgiwn 
rnmwn wow 
uC i i#@nak eee 
wn n~ 8 OH 
ul 
Go yg 
z 
x 
x 
on 

NN «© 

| 

E «a 

©) 

> & 

ii 

a = 

|. yh 

) 

re | 

onaoanason 

7 UN MOM 
wo & 

t wm Ww Pell le 
wm awn ® 
umm 

ae) .- 2 

t 

9- NOM FT 





Total Pressure Field, 
x/d=41.9 m=0.5, Single Injection Hole, 
l=,051 nm /s, §#1.08, Vortex y 


128 


U _— 
Lid (en) 
_J © 
Oo CU 
oe ° 

fee 
= ee) 
FA Q 
- CU 

© 
(‘) — 

4 bh 
Y 
™m Pas 

~) 
ln (YY 

Sg 

Y oe 
(3 i 
Eran ' 
= eet toh: 
uo > 

a 
© ra 
Sg Ee 
Figure 54. 








= = ses 8& 8@® 8e@& 8@® 8e@ 8#& @ & = =» we we ww @& ry . 
oo = ses es 2e# se 2& *#= &® # @ Cal eat -_ =a = ‘ ® ‘(#« 
os - rf. 8 & ee e# @ #*# «@ - Pad a — ~ \ \ a? 7 
rr @ - - Oe ~ \ \ ‘ Pa e 
-= es e« e« # j#® «e« e# @ @ é ? ? - - \ se \ ry ee Y 
- 2s ses 2« s# se 8 &©& @ @ + ? id § i 1 ’ 1 Z ww 
- - o . . o o o vv 
a oie | Ni 
ee ee, ee, ee ee a | ry a ry ry Z 
= «© © oe @«@ e o ma e 4 ‘ iv 
oo es s+ e#= ses @ . - P ¢ 
wo 
Cr ee ee = al s al baal Pd | ] 
® 
-— sec ses ses « - . = . = ~- | 
© 
= 
l 
ia) 
| 


CWO 4 


Secondary Flow Vectors, 
x/d=41.9 m=0.5, Single Injection Hole, 
Tr =.014 n“/s, S=0.29, Vortex z 


eS) 


RUN @10208a.cUd1 





wo 
— 
8 -« 
mnawn-—- & 
e e io) 
vr ov @®-w 
w 
wy w 
wm wn 
e - & 
oaoonn- 
Nu 3 3} zn Aa Ae 
I wore OB OD 
© 
v") 
LJ 
fs) 
z 
om 
Nu Y¢ 
(i- 
E 
Un 
~ w 
Ne 
x tie 
' x 
=) 2 
wore wW @® 
oO  e 
ia , 0 
! w w 
mn Ww? 
owonrk Nn 
@ ~ » a 
t 
Oo- nm ¢ 
Q 
t 
a] 
t 
Vv 
t 
ae iat) @ to . wv & 
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bE) 


1°@t >» Ol «+ 6 Ger SG << Vp 
ot > S & <= 6 ir oy a Sie Cas 
S°6 > G6 <«: 2 2 ‘oon: \gmer ea 
6 S88 <: 93 Si oe 
Gr@> a@<«. S 9 > Q 


7) i) 


SIDNBY 





+ gt 


| 


ee gh ee ee ee eee aaiirehiees teal 21 
xf) 
BEat Ube ely Nite 


CWO) A 


4 
13 Injection Holes, 
Vortex w 


TC 
4 
i) 
| ~ 
fy ua) 
~ 
> ': 
re) N 
an lt 
O Y) 
O .« 
aM s 
vew 
> oO 
ie) 
0AA 
Wi 
AOC 
Zz eect 
Bae 
or e 
@ tt il 
HO, 
vs 
OX 


Figure "62. 


136 


vlUWwWw vl 


$9 
3 
SS 
BS 
Gb 


nm ~ A aA n~ 
ee oe ee ee ee 


nowonre DB MH 


S3I9DN0a 


Gb 
Gb 
GE 
GE 
Se 


(S{VISVY) [BWI IIY 


[2204d 


id w w w w 


Or 
GE 
GE 
Ge 


Se bla Gea22O It Nila 


“~ ~ ~ “aw 
. oe oe ee ee 


oO -—- uu mm FF 





CWO) A 


WV) 
ry) 
o 
O 3 
08 
* 
ce Yd 
0 YP 
“4 
 O 
O > 
ed) 
tT \ = 
~f MO 
COH™ 
eS e 
Von 
‘a4 |i 
fx YY 
Vow - 
bye UW) 
2 o™~,. 
VY) I1N 
YB AB 
Q 
Hoc 
O ee 
osc 
oao<s 
o il il 
HY Ur 
Oo™“ 
Hx 
N 
\O 
Y 
3 
md 
fx 


137 








5 eae pee ae geen dees dae) Gs = 
Ca a | ey @ 
en Le en, ee” | ee (| . @ 
Ce ee ee ee ee ee ee ee | —-— = = « =» ee & »- ¢ 
ee ee ee ee ee ee —-— ws S&S & ee fT 
ee ee en ee ee ee ee ee, ee ee ee 7 =» =— ~ ™~ ® % ¢ 
- - -” = cad = —_ = = _ lhl rOlhUhl TOlUhUCUCO!hUlU CUD ~ .S % ’ 4 
- = eee YANG & 
Cn oo oe oo ood - 2 SS SS ‘2 
rr ee ee ee 6 SS 
- ee & & & P&P & AF A FP ® w* are mg 

™NS 

()) - # 7, & &#& #& # # Pe? - PA * to, \é ~ 

i ale 
Sie Ke OD eh fh FOF OF Ae Pgae, Sn 7 

5 WJ wiles pe oe Pee ee AS ~ 5 

I es ae a ee 7 ] I io x\ es 

oe b 
z Oe RP EOP AO EE \ N 
ame Cy} eo & & & &@ FF 8 F S + 1 \ ae 

Zz '@@) - ¢ # @¢ Te Uo GB oy SS Os oA 

si, OW e ro o ? 6 ? ¢ ¢ i] 4 ., 8 Z 

a e ° o e e ’ ’ e ° ~ = 

~ aS i I 

se ne e a o e ° e rf C) - 4 
eo eo e e eo d 

+ o e rd ° 8 © 

{(yY e 2 cal e * % I 

mM Fi e e e e ° e » 

= Ld e e eo * 

in ty ; 

- o . . . ° e ° « e e e & 
S&S = e ad e — ca J e s s bad = . 1 
u) -_t e e s e J « = . e e es s A 

<4) S I e oe e e « . a a = es = — = 

LJ oo — - « e e e 2 2 o « e e e bad CU 

Q - tJ = 

CY we e = Ld e Ld bad = hd . es es . s ] 

OJ Ld es = - bad = Ld = ae oar = = _ 

_ Cp) 

© 

Lo pe a aes eee as (tees Pe 


le 
12 
8 
6 
4 
2 
Ns) 


(wo) A 
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x/d=41.9 m=0.5, 13 Injection Holes, 
[=.088 m*/s, S=1.86, Vortex x 
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Figure 66. Secondary Flow Vectors, 
x/d=41.9 m=0.5, 13 Injection Holes 
T=.042 m“/s, S=0.89, Vortex y 
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Local Temperature Distribution 

With Heated Injectant, No Wall Heating, 
x/A=41.9, m=0.5, Single Injection Hole 
r=.014 m“/s, S=0.23, Vortex Zz 
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With Heated Injectant, No Wall Heating, 
x/d=41.9, m=0.5, Single Injection Hole 
r =.045 m“/s, S=0.98, Vortex y 
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With Heated Injectant, No Wall Heating, 
x.d=41.9, m=0.5, Single Injection Hole 
T=.088 m“/s, S=1.87, Vortex x 
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With Heated Injection, No Wall Heating, 
x/d=41.9, m=0.5, Single Injection Hole 
T=.116 m“/s, S=2.44, Vortex w 
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With Heated Injectant, No Wall Heating, 
x/G=41.9, m=0.5, 13 Injection Holes 
P=.014 m“/s, S=0.23, Vortex 2z 
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With Heated Injectant, No Wall Heating, 
x/d=41.9, m=0.5, 13 Injection Holes 
r=.116 m°“/s, S=2.44, Vortex w 
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With Heated Injectant, No Wall Heating, 
x/d=109.2, m=0.5, Single Injection Hole 
Vortex w, Temp. Difference Range 

(.5 - 2.5) degrees 
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With Heated Injectant, No Wall Heating, 
x/d=109.2, m=0.5, Single Injection Hole 
Vortex w, Temp. Difference Range 
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APPENDIX B 


UNCERTAINTY ANALYSIS 


An uncertainty analysis of the key variables and input 
parameters used in the experimental procedures of this study 
was perfarmed by Schwartz CRef. 181. Schwartz” uncertainty 
estimates are based on a 95% confidence interval and are 
determined by considering three arders of replications: 

1. ceroath Order Uncertainty due to the level of accturacy 

achievable in the measurement (1/2 the least measurement 

Graduation). 
es First Order Uncertainty due to unsteadiness in the 
taking of the measurement. 
=. Second Order Uncertainty due to the uncertainties in 

the measuring device Calibration and bias. 
PRet.iLhS.ppe “26 "-ce a) 

Uncertainty estimates for key parameters are summarized 
in Tables AiV and XV (from reference 18). 


TABLE XIV. MEAN VELOCITY UNCERTAINTY (CReft. 262p. eaee 


Quantity Typical Experimental 
Cumits) Nominal Values Uncertainty 
AY. pp JOM be S 7a) 4. ag 4. AWG 
tpy, op Ve 7 a Ge Y. We 

2 es (degrees) 14.2 lene 
Ux (m/s) 124.4 one 
Uy, Uz (m/s) 1.4 W.a9 
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TABLE XV. STANTON NUMBER UNCERTAINTY CRef. 18:p. €<69) 


Quantity Typical Experimental 
(umits) Nominal Values Uncertainty 

i (by 18.0 2.13 

ae (8: 42.2 Q.=1 

Pambient (mm Hg) 76. iW. 71 

A (mm Hg) 76. i. 71 

i (ko/m  } oS 4. WAY 

Fia—P- ‘mm water) Se 1S MW. W47 

U aue. Ux (m/s) ia. 4. WG 

Gp yack Go i? 1MW6. 2 La 

CW) a7. 12.5 

St 2. WA19E MW. AAAAD 

Su oto 13.25 1. W358 
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APPENDIX C 


DATA ACQUISITION, DATA PROCESSING AND PLOTTING PROGRAMS 


1. Mean Velocity Survey Saftware: 


ORIENT: This oroagram calculates calibration coefficients 
for each af the five pressure transducers associated 
with the five sensing parts af the five hole pressure 
prabe. Additisanally ORIENT 1S used ta =arientate the 
five hele probe sa that at U yaw angle the pressures 


Fram the right and left ports are equal. 


PIVEHGLE: This pragram acquires pressure data from each af 


the five transducers assaciated with the five hale 


prabe. The FIVEHOLE pragram cantraols the Mitas motor 
Simi eT which, LG er his cantrals the autamatic 
traversing device mm which the five hale probe 15 


mounted. An 642 point oressure survey 1S conducted af 
the Y-Z£ plane narmal ta the freestream flow. Twa data 
Frles. FIV and FIVP, are created. The FIV data file 
cansists o2f mean velocity, center port pressure, average 
pressure af the four peripheral ports, and the yaw and 
aa rete czrefficients far each af the 84a Ilacations 
sampled. The FIVF data file cansists af the pressures Pl 


through PS sensed by each af the five pressure probe 
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— 


sensing ports, the average pressure of the four 
peripheral ports and the mean velocity, for each of the 


8848 survey lacations. 


PADJUST: This program accesses the FIVP data file created 
by FIVEHOLE and adjusts the pressures to account for 
spatial resolution problems. Pressure correction is 
performed using a curve fit to move the measurement 


location to the center sensing pert location. 


meet TY: This program accesses the data file created by 
PADJIUST and computes the Ux, Uy and Uz velocity 


components. 


ix : This program accesses the data file created by 
VELOCITY and plots streamwise velocity (Ux) contours of 
the Y-Z plane surveyed by the five hole pressure probe. 

210 0a Fa FTOTS accesses the VELOCITY program data file and 
plots total pressure contours of the surveyed Y-Z plane. 

VecluORc: This preagram accesses the VELOCITY program output 


file and plots the secondary flow vectors in the 


surveyed Y-Z plane. 
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V@RETREE: This program acquires the velocity component data 
File created by the VELOCITY program and plots 
streamwise vorticity cantours oaf the surveyed Y-Z plane. 
Vortex parameters calculated by this pragram include: 
core center lacatian, core radii, varticity, vortex 
CiPVEuR at 1aM, nan-dimensional care radii and non-dimen— 


Simmal vortex circulation. 


c. Mean Temperature Survey Software: 


ROVER: This pragram acquires flow temperature data from 
the "raving" thermaceauple maunted an the automatic 
traversing device. The traversing device 15 controlled 
by tne Mitas metar controller which is, in tiem 
controlled by this pregram. The wuput data file 
ecansists of cifferential temperatures (Trover -—- To» ) 


Fior each of the 888A survey locatians in the Y-Z plane. 


FLITMPe: THIS pragram acquires the differential temperature 


data file created by ROVER, and plots differential 


temperature cantours of the surveyed Y-Z plane. 
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3. Heat Transfer Measurement Software (No Film Cooling): 


STANTONS: This program acquires multiple channel thermo-— 
couple data far heat transfer measurements with no film 
cooling, and creates two output files, TDATA and IDATA. 
The TDATA file consists of the 126 test plate thermo- 
couple temperatures. The IDATA file records run 
number, test plate voltage and current, ambient 
pressure, pressure differential, ambient temperature, 
freestream velocity, air density and freestream 


temperature. 


STANTON4: STANTONS accesses TDATA and IDATA files created 
by STANTONS and calcuiates heat transfer coefficients 
and Stanton numbers for each thermocouple location. This 
pragram additianally calculates the average Reynolds 
number for each thermocouple row. STANTONS creates 
three wutput files: WHDATA, SDATA, and STAV. The HDATA 
file consists of the local heat transfer coefficient, 
the Stanten number and the xX,Z coordinates for each of 
the 126 test plate thermacoupies (H(I), STC(I), XI), ZCI)). 
The SDATA File contains anly the Stantan number 
Values Caiculated for each thermocouple location (ST(I)). 
The STAV file contains the xX = Ilacation, the average 
Reynolds mumber and average Stanton number for each of 


the six thermocouple rows (X(I), Rey(I), ST1(I)) 
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STAVRAT: This program accesses the HDATA files created by 
STANTON4S and creates an output file which consists of 
Stanton number ratios and X,Z codrdinates for each of 
the thermocouple locatasns  XSrRigie XCIO Z (10g 
STAVRAT 15S specifically designed to calculate St/Sta 
rations for data collected when no film-cooling 1s used. 
Sto values are the baseline Stanton numbers (no vortex 
and ne film-cooling); St values are Stanton numbers with 


embedded vortices and no film—-cooling. 


PLOTS ine: This pregram accesses the Stanton number ratin 
files created by STAVRAT and plots spanwise variations 


2F St/Sta ratios for all S1x thermocouple rows. 


NFCCOMEO: This program acquires the Stanton number ratios 
Calculated by STAVRAT for varioscus strength vortices and 
for ym vortex. NFCCOMBO plats spanwise variatisans of 
ST/St=m ratias for a user specified thermocouple row. 
The Stanton number ratio Spanwise variatians for each 
vortex are superimposed on tsop of ane another in order 


ta shaw the effects of varying vortex circulation. 


4, Heat Transfer Measurement Saftware (with film—-cooling) 


SETCOND: ThiS program 1s used ta set conditions for heat 
transfer data acquisition when film-cooling is employed. 


SETCOND cetermines injection velocity, Reynolds number, 
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blowing ratia and non-dimensional temperature ( ye It 
requires user input from the terminal of freestream 
conditians, ratameter percent flow and injection plenum 
differential pressure. In arder ta calculate » this 
pragram obtains injection plenum temperature from 
thermocouple channel 148 and surveys all 126 test plate 
thermocouples to derive average test plate temperature. 


iRefeswlGsp. 1963 


STANFCI: This program is used when film-cooling is employed 
to acquire multiple channel thermocouple data for heat 
transfer measurements. STANFCi creates three data 


files; a temperature data file, a terminal input data 
File and a film-cooling data file. The temperature data 
file ennsists af the 1286 test plate thermeccuple temper- 
atures. The terminal input data file records the 
identical infarmatian cantained in the IDATA file of 
STANTONG, discussed above. The film-cooling data file 
cemtains the injectian ratometer percent flow and the 


injection pienum differential pressure. 


STANFCE 


This pragram accesses the temperature, film-cool- 
ing and terminal input files created by STANFC1. The 
pragram then calculates Stanton number values for the 
126 thermocouple lacatians and creates a single scutput 


File cantaining these 1¢6 Stantan numbers. 


Lal, 


STANRI : This program reads three Stanton number data files 
and creates a single output file containing two Stanton 
number ratios for each of the 1286 thermocouple 
locations. The required input data files are: SDATA file 
created by STANTON4S containing baseline Stanton numbers 
(Sto) for no vortex and no film-cooling, ST data file 
created by STANFCe for film-cooling and no vortex (Stf), 
and the ST data file created by STANFCe for film-cooling 
and embedded vortex (St). The cutput data file contains 
the St/Sto  rajiajas, the Stf/Sto ratios and the X,Z 
coordinates for the 126 thermocouple locations ([Str(I), 


Sfrct).~.%< eee? (1 we 


PLSTRVVSH: This program accesses the Stanton number ratio 
file created by STANRI and plots spanwise variations of 
the Stanton number ratios Stf/Sto far film-cooling only, 
and St/Sto far film-caoling and ~—vortex. Ratios are 
plotted for the user specified thermocouple row. 
PLSTRVVSH 1s used only for single injection hole film 


cooling data. 


PLSTRVVAH: This program 1s used with 135 injection hole film 
cooling data. PLSTRVVAH is identical to PLSTRVVSH with 
the exception of different upper and lower bounds on the 


plat axes. 
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SDS tT RSH: This pregram, which is the three dimensiodnal 
version $=af FPLSTRVVSH, accesses the Stanton number ratio 
File created by STANRI. SDSTRSH plots the spanwise var- 
ations af the St/Sta and Stf/Sto ratias for all s1x 
thermacouple rows. SDSTR3SH 15S used only for single 


injection hole film-cooling data. 


S3DSTRAH: This pragram is used with 13 injection hole film 
comling data. it 1s identical tea SDSTRSH with the 
exception af different upper and lawer bounds an the 


olat axes. 


SaeemeO: THis pragram accesses the Stanton number ratia 
File created by STANRI far vartices r, w, x, y and 2c, 
and for na embedded vortex. SHEOMOEpiats the Stf7Stea 
spanwise variations far ai user specified thermocouple 
row, and then superimpases the St/Sta spanwise 


Variations data for each af the abave vartices. 


AHCOMEBO: This program is the 13 injection hole version of 


2HCOMBO, and 1S identical to SHCOMBO with the exception 


maf different upper and lower bounds on the plot axes. 
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4. Combination Plots Software 


VECTCOMBO: VECTCOMBO and TEMPCOMBO are specifically adapted 
TEMPCOMBOQ: 

versions of VECTORE and PLTMPe, which plot the 

differential mean temperature contours superimposed on 


tap -cf the secondary flow vectors. VECTCOMBO is run 


first followed by TEMPCOMBOQ. 
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APPENDIX D 


BATA FILE DIRECTORY 


1. Mean Velocity Data: 


Data Run # 


101588.1145 


14@1588.1659 


101688. 1454 


101688. 1524 


1491688. 2c 


14@1788.a8113 


Pauegoo. 1/7241 


Data File 


FIVALB 
FIVPO18 
PRSBW18 
VELW@18 


PYrVers 
FIVPQ@15 
PRSWIS 
VEL@1iS 


FIVaie2 
FIVP@le 
PRSQ1e 
VEL@1z2 


FIVA8 
FIVPA8 
PRSUS 
VELUS 


FIVAS 
FIVPO4S 
PRSA4 
VEL4 


FIV@Q 
FIVPAS 
PRSOO 
VELUB 


eis l= 
FP3H18 
PRS3H18 
VECSHTS 


Generating 


Proagram 


Os S| Oe 
ee eee 
PADJUST 

VE@GEBEITY 


eT Veneer 
miVEROLE 
PADJIUST 

VeEeme ly y 


PIVengEe 
Ss OS 
PADJUST 
VELOCITY 


ie Ae) S83 
FIVEHOLE 
SADIUST 

VeEemel ty 


JO S| OES 
PPvVenOle 
PADIJUST 

VEeoel TY 


mlLVenOLe 
reve nOLeE 
PADJUST 
VEEGE TY 


FIVEnOLeE 
PVE OLE 
PADJUST 
VELOCITY 


ties 


Experimental 
Conditions 


Vortex r, x/d=41.9, 


Hee nhlm—coo ling. 


Vartex s, x/d=41.3, 


Wee i lm—cooling. 


Voreex tt. “/a=41. 2, 


Mem i im—cacl ing. 


Vartex u, x/d=41.35, 


momen? L—Gac hl mg. 


Vartex v, x/d=41.9, 


no film-cacling. 


no vortex, x/d=41.9, 


no film-cooling. 


Vortex r, x/d=41.9, 
3 injection holes. 


Data Run # 


191988. 2347 


1W2cV8S. 1025 


1VeW88.1718 


1V2888. 2Bsl 


192188. Asi 


1Vc2&88. 1859 


122288. V854 


Data File 


FsAlsS 
FPSH15 
PROM 13 
VEIESHiiS 


PSrnic 
EPs le 
PRSSH1e2 
VESrihe 


F SHO8 
FP SHO8 
PRSSHUB 
VELSGHRB 


FSHO4 
FP SHO4S 
PRSSHO4S 
VEL SHO4 


F SHO 

FPSHOO 
PRSSHUO 
VEL SHUO 


FAH18 
FPAH18 
PRSAH18 
VELAH18 


FAHIS 

FPAHIS 
H'RSAH 1 = 
VELAH15S 


FAH12 
FPAH12 
PRSAH12 
VELAH12 


FAHWS 
FPAHOS8 
PRSAHBS 
VELAHVS 


Generating 


Program 


FIVEHOLE 
FIVEHOLE 
PADJIUST 
VELOEG TTY 


FIVEROEE 
FIVEHOLE 
PADJUST 

VELOCITY 


BEV en@le 
F IVEHOLE 
PADJUST 

VELOCITY 


F IVEHOLE 
PIVen@be 
PADIUST 

VEE IY 


PLVEROLE 
F IVEHOLE 
PADJUST 
VEE@ETTY 


F IVEHOLE 
EIVEROLE 
PADJUST 

VEEGETTY 


F IVEHOLE 
FIVEHOLE 
PADJUST 
VEEGGIay 


FINBROLE 
PIVEpoOEE 
PADJUST 

VEEOETi~ 


FIVEMGLE 
FIVEHOLE 
PADJUST 
VEEOGI y 
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Experimental 
Conditions 


Vartex w, x/d=41.3, 
3 injection holes. 


Vertex «x, x/d=41.9, 
3 injection holes. 


Vortex y, x/d=41.9, 
3 injection holes. 


Vortex 2, x/d=41.3, 
3 injgectian holes. 


no vortex, x/d=41.9, 
3 injection holes. 


Vortex r, «/d=41.9, 
13 injection holes. 


Vortex w, «x/d=41.3, 
13 injectian holes. 


Vortex «x, x/d=41.39, 
13 injection holes. 


Vortex y, *x/d=41.9, 
13 injection holes. 


Data Run # 


ive188. 


m= 186. 


Sooo 


Oe ee 


Data File 
FAHOS 

FP AHWS 
PRSAHDOS 
VELAHBS 


FAHBY 
FPAHOY 
PRSAHYD 
VELAHVY 


Generating 
Priagram 
F IVEHOLE 
PLVeneee 
PADJUST 
VELOCITY 


PL Veneece 
FIVEHOLE 
PADJUST 
VeEcHEITy 


e. Mean Temperature Survey Data: 


Generating Froagram: 


Data Run # 


1154 


165e 


1345 


1444 


1142 


Data File 


TEMOB 


TEM4B 


TEM8B 


A =H, Gy Sree 


TEM1 Ss 


TEM18SB 


TEMPE R@B 


TEMPER4SB 


TEMPER8B 


TEMPER12B 


TEMPERISB 


TEMPER1 8B 


ROVER 


Experimental 


na vortex, 
vortex z, 
vortex y, 
vartex x, 
Vortex w, 


vortex r, 


no vortex, 
Vortex Z, 
vortex y, 
VOrten XX, 
vortex w, 


vortex r, 


LAS, 


(J 


Cs) 


OL) 


QJ 


O) 


&) 


Experimental 
Cranditians 


Vortex Zz, 


x/d=41.9, 


13 injection holes. 


no vortex, 
13 injection holes. 


Canditions 


hneles, 
holes, 
heles, 
holes, 
holes, 


holes, 


holes, 
holes, 
holes, 
holes, 
holes, 


holes, 


x/G=41.9, 


x/d=41.9 
x/d=41.9 
x/d=41.9 
x/d=41.9 
x/d=41.9 


x/G=41.9 


x/d=41.9 
x/d=41.9 
x/d=41.9 
x/d=41.9 
x/d=41.9 


x/d=41.9 


Data Run # 


VW1iWSE89. 1818 


W10489.1712e 


WIMSSS.1237 


ViVSBY9. 21358 


W14489. 1251 


VIlV@eSes. 1136 


Data File 


TEM15A 


TEMESEe 


TENTS. 


TEMPERISA 


TEMPERTSE 


TEMPER TS) 


3S. Heat Transfer Data: 


A. STANTONS / STANTON+ 


TDATAx»x 


IDATAxx 


HDATAxx 


STAVx™x 


SDATAxx 


Data Run # 


11428851885 


Experimental 


U) 


vortex w, 


(J 


vortex w, 


U) 


vartex w, 


vartex w, TS 
vortex w, LS 
vortex w, rs 


data files -- 


---- temperature data file 


---- user terminal input d 


Canditions 


F.C. holes, x/d=5.2 
F.C. holes, x/d=8e. 


F.C. holes, x/d=109.2 


F.C. hales, x/d=5.2 
F.C. holes, x/d=82.9 


F.C. Wales, x/d=109. 3e 


(no film-e3ael ings 


ata file 


---- heat transfer coefficient data file 


---- row average Stanton number data file 


---- local Stanton number data file 


Data File 


TDATAB 
IDATAW 
HDATA 
STAVD 

SDATA 


Experimental Conditions 


no vortex, no 
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Film cooling 


Data Run # 


mew O8.2lle 


1148288. 2245 


1143588. 4012 


114388. 4101 


114388. 61565 


118288. 1816 


Mam JOD. 1621 


Pomgoo. 1643 


Data File 


TDATAIS 
IDATA18 
HDATA1S& 
STAV18 

SDATAIS 


TDATAIS 
IDATALS 
HDATAILS 
STAVIS 

SDATAILS 


TDATALE 
IDATA1LEe 
HDATALE 
STAV12 

SDATAILe2 


TDATASB 
IDATASB 
HDATAB 
STAV8 

SDATASB 


1TDATAS 
IDATA4S 
HDATA4S 
STAV4S 

SDATAS 


RBTDATAW 
BRIDATAYW 
RBHDATAM 
BSTAVY 

BSDATAR 


TDATABS 
IDATAB4S 
HDATAB4S 
STAVES 

SDATAW4S 


TDATABS 
IDATAWS 
HDATAWBS 
STAV@S 

SDATAVS 


Experimental 


vartex 


vortex 


vortex 


Vortex 


no vortex, 


no vartex, 


no vortex, 


Zi 


Ky 


Ys 


no 


No 


NO 


No 


Meo 


Conditions 


film 


film 


film 


film 


ccoling 


cooling 


cooling 


cooling 


cooling 


Film caoling 


no film cooling 


no film cooling 


B. Stanton Number Ratio Files -- (no film cooling): 


Generating FProgram: STAVRAT 


Data file Ratio 
STRIS SDATA1B/SDATA 
SRI S SDATAIS/SDATA 
Siri 2 SDATAIE/SDATAR 
STR8& SDATRE/SDATAB 
STRS SDATA4S/SDATAR 
STR SDATARB/SDATAB 
C. STANFC1 / STANFCe data files —- (3 hale fiim-cooltaae 
TFC SGHxx —---- temperature data file 
IFCSHxx ---- user terminal input data file 
FSH —---- film-cooling parameters data file 
SFUCSHxx —---- le&eal Stanton numder Gatreart1 1. 
Data Run # Data File Experimental Conditions 
110488. 2311 JhESne no vortex, 3 injgection holes 
Tres 
FC SHO 
SFESaw 
(80468. 2359 TEFESHS vortex <z, S injgection holes 
IFCSH4 
FCSH4 
SFCSH4 
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Data Run # Data File Experimental Conditions 


——> a ee ee eee ee ee —— a a —— SS ES SS SS es cs eae ee eee ee 


114588. 0147 Teese vortex y, S injyectisan holes 
IFC3H8& 
FC3H8 
SEESHS 


G) 


1124588. 8253 ce SH le vortex x, 
TPesnie 
Pe Sti 
SFESHi¢c 


injection holes 


injection holes 


GJ 


114588. 8351 ieoSshtlsS vortex w, 
TeEGanis 
RPeShiko 
Si oi 


injection holes 


LJ 


118586. @5se heeGanle vortex Yr, 
fees TS 
Pos he 
Sresri.e 


D. STANFCi / STANFCe data files —- (13 hole film-cooling): 


TAHx=x —---- temperature data file 
IAHM= = =0—---- user terminal input data file 
FAHx x —----— film-cosoling parameters data file 


SAH x —---- l|oecal Stanton number data file 


Data Run # Data File Experimental Conditions 


= SS SS SS SS oe ee cee — oe co Gee ee ee mee cc ce ee ee ee ee a SSS eS 


110588. 4835 TAHY no vortex, 13 injection holes 
IAHY 
- AHO 
SAHD 


114588. 1214 TAH4 vortex 2, 13 injection holes 
IAH4 
FAH4 
SAH4 
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Data Run # Data File Experimental Conditions 


oe cee eee ee ee ee ee ee ee ae ee eee ce ce ce ce ce ce ee ec ce ee cc ce ee ee ee ee ee ee ee ee ee ee ee ee 


114588. 1124 TAHS vartex y, 13 injgectian noles 
IAHS 
FAH8 
SAHS 


118588. 18a9 TAH vartex x, 13 injection holes 
TAH12 
FAH1e2 
SAH12 


1IMVS6S2asls TAH15S vortex w, 13 injectian holes 
IAH1S 
FAHIS 
SAH15 


1143588. a718 TAH18 vertex r, 1s injectian holes 
TAHi8 
FAH1I8 
SAH18 


FE. Stantan Number Ratis Files ( 3 & 13 hale film-cooling) 


Generating Proagram: STANRI 


RATSHxx —-- 2 Hole Film—-co@ling 
RATAHxx -—-= 13 hole film-ecooling 
Data file St/Sto; St f7seq 
RATSH18 SFC3H18/SDATAB4; SFCSH8/SDATAR4 
RATSH15 SFCSHIS/SDATAS4; SFCSHO/SDATAB4S 
RATSH12 SFC3SH12/SDATAB4; SFCSHB/SDATAB4S 
RAT SHS SFCSHE/SDATAB4; SFCSHS/SDATAS4S 
RAT SH4 SFCSH4/SDATAB4; SFCSHB/SDATAR4S 
RAT SHY SFCSH@/SDATAB4; SFCSHO/SDATA4S 
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Data file St, Sta; st f7 ato 


RATAH18 SAH18/SDATAQS 5 SAHB/SDATAB4S 
RATAHIS SAH1S/SDATAG4S; SAHB/SDATA®4S 
RATAHIc SAH1E/SDATAB4S ; SAHB/ SDATAB4S 
RATAHS SAHB/SDATAQ4; SAHO/SDATARS 
RATAH4S SAH4/SDATABS 5 SAHB/SDATAB4S 
RATAHD SAHB/SDATAO4S; SAHB/SDATAB4S 
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